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SECTION  1 


INTRODUCTION 


1.1  SCOPE 

The  advanced  development  tests  for  the  elevated 
causeway  were  performed  to  evaluate  system  hard- 
ware, using  an  adequate  number  of  pontoon  sections, 
existing  military  lighters  and  trucks,  and 
8 X 8 X 20-foot  (2,4  x 2.4  x 6-m)  commercial  con- 
tainers. The  equipment  tested  included  four  specially 
assembled  Nl.  pontoon  pierhead  sections  with 
internal  spudwells,  five  existing  pontoon  sections 
equipped  with  external  spudwells,  two  types  of 
plastic  foam  fender  systems,  three  types  of  Navy 
lighters,  one  type  of  Marine  Corps  tractor/trailer,  a 
turntable,  and  two  types  of  commercial  container 
handlers.  In  addition,  other  selected  hardware  items 
were  evaluated  during  the  operation.  Timing  data 
were  taken  at  pertinent  points  of  the  operation; 
however,  this  information  was  con.sidcred  to  be 
secondary  to  determining  any  operational  limitations, 
proper  procedures,  and  problems  requiring  further 
development  efforts. 

1.2  BACKGROUND 

DOD  planning  for  the  logistics  support  to  sustain 
major  contingency  operations,  including  amphibi- 
ous assault  operations  and  l,ogistics-Over-the-Shorc 
(LOTS)  evolutions,  relies  extensively  on  the  utiliza- 
tion of  U.S,  Flag  commercial  shipping.  Since  the 
mid-1960s  commercial  shipping  has  been  steadily 
shifting  towards  containerships,  Roll-On/Roll-Off/ 
(RO/RO)  ships,  and  bargeships  (e.g.,  LASM, 
SEABEE).  By  1985  as  much  as  85%  of  U.S.  F'lag 
sealift  capacity  may  be  in  container-capable 
ships  — mainly  non-self-sustaining  (NSS)  container- 
ships.  Such  ships  cannot  operate  without  extensive 
port  facilities. 

Amphibious  assault  and/or  LOTS  operations  arc 
usually  conducted  over  undeveloped  beaches,  and 
expeditious  response  times  preclude  conventional 
port  development.  The  handling  of  containers  in  this 
environment  presents  a serious  problem.  This 


problem  is  addressed  in  the  overall  DOD  Over-thc- 
Shore  Discharge  of  Cargo  (OSDOC)  efforts,  which 
involve  developments  by  the  Army,  Navy,  and  Marine 
Corps.  Ciuiding  policy  is  documented  in  the  “DOD 
Project  Master  Plan  for  Surface  Container  Supported 
Distribution  System”  and  the  OASD  l&L  system 
definition  paper  “Over-thc-Shorc  Discharge  of  Cargo 
(OSDOC)  System." 

In  response  to  the  DOD  Master  Plan,  Navy- 
Operational  Requirement  (OR-YSL03)  has  been 
prepared  for  an  integrated  Container  Off-Loading  and 
Transfer  System  (COTS)  for  discharging  container- 
capable  ships  in  the  absence  of  port  facilities.  The 
COTS  Navy  Development  Concept  (NDCP)  No, 
YSL03  was  promulgated  July  1975,  and  the  Navy 
Material  Command  was  tasked  with  development. 
The  Naval  Facilities  Engineering  Command  has  been 
assigned  Principal  Development  Activity  (PDA)  with 
the  Naval  Sea  Systems  Command  assisting.* 

The  COTS  advanced  development  program 
includes  the  ship  unloading  subsystem,  the  ship-to- 
shore  subsystem,  and  common  system  elements.  The 
ship  unloading  subsystem  includes:  (a)  the  develop- 
ment of  Temporary'  Container  Discharge  Facilities 
(TCDF)  employing  merchant  ships  and/or  barges  with 
add-on  cranes  and  support  equipment  to  off-load 
non-self-sustaining  containerships  alongside;  (b)  the 
development  of  Crane  on  Deck  (COD)  techniques  and 
equipment  for  direct  placement  of  cranes  on  the 
decks  of  NSS  containerships  to  render  them 
self-sustaining  in  an  expedient  manner;  (c)  the 
development  of  equipment  and  techniques  to  off  load 
RO/RO  ships  offshore;  and  (d)  the  development  of 
interface  equipment  and  techniques  to  enable  ship 
discharge  by  helicopters  (either  existing  or  projected 
in  other  development  programs). 

The  ship-to-shore  subsystem  includes  the  develop- 
ment of  elevated  causeways  to  allow  cargo  handling 
over  the  surfline  and  development  of  self-propelled 
causeways  to  transport  cargo  from  ships  to  the 
shoreside  interface. 

The  commonality  subsystem  includes:  (a)  the 
development  of  wave-attenuating  Tethered  Float 
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Breakwaters  (TFB)  to  provide  protection  to  COTS 
operating!  elements;  (b)  the  development  of  special 
cranes  and/or  crane  systems  to  compensate  for  con- 
tainer motion  experienced  during  afloat  handling;  (c) 
the  development  of  transportability  interface  items  to 
enable  transport  of  essential  outsized  COTS 
equipment  on  merchant  ships  — particularly  barge- 
ships;  and  (d)  the  development  of  system  integration 
components,  such  as  moorings,  fendcring,  communi- 
cations, and  services. 

The  Civil  Engineering  Laboratory  (CEL),  Port 
lluenemc,  California,  was  designated  by  the  Naval 
Facilities  Engineering  Command  (NAVFAC)  as  the 
responsible  laboratory  for  the  ship-to-shore  sub- 
system. The  five-volume  report  covers  only  that 
portion  of  the  ship-to-shore  subsystem  related  to  the 
elevated  causeway  components  and  associated 
container-handling  operations. 

CEL  planned  the  elevated  causeway  tests  in  two 
phases.  The  first  phase  tests  conducted  by  CEL  at 
Point  Mugu,  California,  were  designed  to  investigate 
operational  and  structural  capabilities  of  the  NL 
elevated  causeway  and  to  develop  operational 
procedures.  No  container-handling  tests  were  included 
in  this  phase.  Tests  were  conducted  from  16  June  to 
16  July  1975. 

The  Phase  II  tests  were  designed  to  be  conducted 
by  military  operators,  i.e.,  PHIBCB-ONE  and 
ACU-ONE,  Coronado,  California,  to  determine  opera- 
tional limitations  and  any  further  development 
requirements.  Container-handling  operations  were 
included  in  these  tests.  The  pier  was  elevated  by 
PMIBCB-ONE  on  Silver  Strand  Beach,  Green  Beach 
Two,  at  coordinates  32°39'08"  latitude,  117%9'25" 
longitude,  beginning  12  November  1975  and  finishing 
on  26  November  1975.  A survey  of  the  landing  site 
showed  a beach  gradient  of  about  1:30  and  a water 
depth  of  20  feet  (6  m)  (at  zero  tide)  600  feet  (183  m) 
offshore.  Container-handling  operations  began  on  2 
December  and  were  completed  on  5 December  1975. 
The  container-handling  crane  was  positioned  on  the 
pierhead  on  1 December.  The  pier  was  left  elevated 
until  5 January  1976  to  check  for  piling  settlement 
and  to  provide  an  opportunity  for  the  pier  to 
encounter  rough  seas,  and  then  was  disassembled 
from  5 January  to  10  January  1976.  A 16-mm,  color, 
sound  movie  has  been  prepared  covering  the  Phase  II 
tests. 


1.3  REPORT  COVERAGE 

The  final  documentation  of  this  program,  which 
consists  of  five  volumes,  covers  results  of  both  the 
Phase  I and  Phase  11  tests. 

The  approach  taken  in  the  development  of  an 
elevated  causeway  for  the  COTS  ship-to-shore 
subsystem  was  to  expand  the  capabilities  of  the 
existing  Navy  Lightered  (NL)  floating  pontoon 
causeway  system.  This  report.  Volume  III,  documents 
the  evolution  of  the  NL  pontoon  system  into  a 
pile-supported  structure  capable  of  sustaining 
equipment  and  loads  associated  with  container- 
handling operations.  The  causeway  assembly  and  the 
development  of  ancillary  hardware  components  are 
reported,  structural  analyses  and  field  tests  are 
described,  failure  modes  and  criteria  are  examined  to 
determine  safety  factors  for  various  loads  and  modes 
of  operation,  and  applications  of  the  elevated 
causeway  as  a crane  platform  are  discussed.  Clearly, 
the  system  developed  by  CEL  is  not  the  only  system 
that  could  satisfy  the  requirement  for  an  over-the- 
beach  capability.  Some  alternative  systems,  system 
components,  and  comparative  costs  are  presented  in 
Appendix  D. 

The  other  four  volumes  cover  the  following. 

1.3.1  Volume  I 

This  volume  summarizes  the  Phase  I and  Phase  II 
test  operations.  Limited  test  results  and  a brief 
description  of  equipment  are  presented. 

1.3.2  Volume  II 

This  volume  reports  on  the  elevating  mechanism 
or  lift  system  used  in  the  tests,  and  it  also  presents 
alternative  lift  procedures  and  associated  equipment, 
e.g.,  description  of  elevated  causeway,  pier 
installation  and  retrieval  (including  pro  and  con  of 
elevating  from  shore  out  or  offshore  in),  pile  hammer 
and  driving,  beach  gradients  and  surveys,  ladders  and 
scaffolding,  and  discussion  of  multisection  lift.  A 
human  engineering  study  was  made  of  both  the 
elevated  causeway  system  hardware  and  the 
associated  operational  procedures.  This  study  was 
conducted  by  the  Human  Factors  Technical  Division, 
Naval  Electronics  Laboratory  Center,  San  Diego, 
California,  and  is  presented  in  this  volume. 
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This  volume  details  the  container  handling,  i.e., 
container-transfer  rates,  container  crane,  containers, 
lighters.  Marine  Corps  truck/trailers,  pontojn  deck 
reinforcement,  turntable,  beach  ramp,  matting,  and 
air-bearing  transporter.  An  alternate  method  of 
ship-to-shore  container  transfer,  the  load-on/roll-off 
(Lo/Ro)  causeway  ferry  system  using  a commercial 
top-lift  loader,  was  tested  and  is  described  in  this 
volume. 
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SFCTION  2 


ELEVATED  CAUSEWAY  SYSTEM 


The  system  design  is  based  on  providing  an  inter- 
face for  lighterage  at  the  shore,  with  an  elevated 
access  from  the  beach  over  the  surf  to  an  elevated 
pierhead  that  supports  cargo-unloading  functions. 
The  major  developments  include  an  elevating 
capability  for  the  existing  NL  pontoon  causeway,  a 
crane  installation  at  the  pierhead  for  off-loading 
lighterage  moored  alongside  the  causeway,  fendering 
to  interface  between  the  elevated  pierhead  and  the 
lighters,  turnaround  components  to  handle  truck/ 
trailers  on  the  causeway,  and  a two-way  traffic  access 
from  the  pierhead  to  the  beach. 

The  system  is  based  on  the  3x15  pontoon  section, 
|21  X 90  feet  (6.4  x 27.4  m)| , which  is  fundamental 
to  the  Amphibious  Construction  Battalions.  To  con- 
vert the  floating  3x15  structure  to  the  elevating  mode 
requires  the  addition  of  spudwclls,  external  or 
internal.  The  internal  spudwells  arc  used  in  the  pier- 
head where  sections  are  side  by  side;  the  external  for 
connecting  the  causeway  to  the  beach. 

The  modularity  of  the  elevated  system  allows 
field  commands  to  size  out  the  pierhead  and 
approach.  As  a minimum,  four  special  pierhead 
sections  in  a 2-by-2  arrangement  should  be  used  to 
establish  the  offshore  container-handling  facility.  The 
2x2  section  pierhead  may  be  expanded  in  both  length 
and  width  dimensions  to  meet  requirements.  The 
length  of  the  approach  causeways  should  be  selected 
so  as  to  bridge  the  surf  and  locate  the  pierhead  in 
water  sufficiently  deep  for  anticipated  lighterage. 


2.1  ELEVATED  NL  PONTOON  CAUSEWAY 

STRUCTURE 

Navy  lightered  (NL)  pontoon  barges  are  normally 
employed  as  floating  causeway  structures  to  unload 
roll-on/roll-off  cargo  from  LST  amphibious  transport 
ships.  The  elevated  causeway  application  grew  out  of 
a military  requirement  to  unload  containerized  cargo 
over  unimproved  beachheads.  The  elevated  structure 
differs  from  the  floating  structure  mainly  by  the 
addition  of  internal  and  external  spudwells.  Eigure  1 


depicts  the  contribution  of  various  elements  to  the 
development  and  use  of  the  elevated  structure.  The 
structural  analyses  deal  with  the  transfer  of  loads 
through  the  elevated  structure  and  into  the  sup- 
porting piles. 

Causeway  barges  are  a collection  of  multiple 
flotation  modules  called  pontoons.  The  internally 
stiffened  pontoon,  which  measures  5x5x7  feet 
(1.52  x 1.52  x 2.13  m),  is  shown  in  I-'igurc  2.  The 
frame  steel  box  modules  are  integrated  into  a barge 
structure  by  a system  of  structural  steel  angles. 
Internal  spudwells  must  be  incorporated  into  the 
causeway  at  the  time  of  assembly,  while  external 
spudwells  can  be  attached  to  the  outside  of  the  cause- 
way structure  at  any  time.  The  internal  spudwells, 
which  substitute  one-for-one  the  PI  pontoons,  are 
completely  contained  within  the  causeway  section  so 
that  causeways  can  be  positioned  side  by  side  to  form 
a pierhead  wider  than  one  causeway  section.  External 
spudwells,  which  are  bolted  to  the  outer  causeway 
angles,  provide  a clear  roadway  the  full  width  of  the 
section.  The  fender  system  for  the  elevated  pier 
utilizes  both  t>'pes  of  spudwells  in  the  installation. 

Figure  3 depicts  the  techniques  by  which  pon- 
toons are  bolted  into  structural  angles  to  form  long 
strings,  one  pontoon  wide,  and  Figure  4 shows  typical 
bolted  connections.  Note  the  9-inch  (0.23-m)  opening 
between  pontoons  in  the  string.  This  opening  was 
provided  to  make  assembly  into  strings  easier,  but  it 
acquires  a significant  structural  role,  which  will  be 
discussed  later.  Strings  arc  then  positioned  side  by- 
side  and  bolted  together  to  make  up  the  barge 


2.1.1  Phase  I Causeway 

For  the  Phase  I tc*sts  four  3x15  NL  pontoon 
sections  and  one  1x15  NL  pontoon  string  for 
fendering  were  assembled.  Existing  NL  pontoon  hard- 
ware was  integrated  with  the  two  types  of  spudwells 
to  provide  the  basic  elevated  causeway  structure 
pictured  in  Figure  5.  Assembly  of  the  first  two  of  the 
four  pierhead  sections  was  accomplished  by  the 


Construction  Equipment  Department,  NCBC,  Port  takes  longer,  the  strength  of  the  causeway  section  is 
Hueneme.  The  pierhead  sections  and  location  of  increased. 


spudwells  and  end  connectors  are  shown  in  Figure  6.  A third  section  was  assembled  by  the  Con- 

The  first  two  sections  were  assembled  concurrently  struction  Equipment  Department  in  700  man-hours 

using  two  experienced  welders  and  an  inexperienced  with  a nine-man  crew  over  a period  of  1 1 days.  The 

16-man  crew.  Figure  7 shows  the  causeway  assembly  1x15  fender  string  was  assembled  in  only  100  hours, 

area.  Additional  work  required  for  these  elevated  indicating  that  the  crew  had  gained  proficiency.  The 

sections  included  welding  24  AP7  plates  to  angles  of  last  section  was  assembled  by  Public  Works  Depart- 

cach  section;  reinforcing  the  outside  angles  for  ment,  NCBC,  Port  Hueneme,  in  14  days  with  a 

external  spudwells  on  Sections  No.  1,  3,  and  4;  six-man  crew.  Irregular  working  hours  prevented  an 

installing  shock  absorber  assemblies;  and  applying  accurate  man-hour  count.  Assembly  times  and 

reinforcement  plates  between  the  last  two  pontoons  sequences  for  all  sections  arc  shown  in  Figure  8. 

at  each  end  of  all  sections.  All  AP7  plates  were  Sections  No.  1 and  4 were  fitted  with  both 
welded  to  the  pontoons,  which  required  each  internal  and  external  spudwells.  The  four  external 

pontoon  string  to  be  made  up  separately  and  then  spudwells  on  Section  No.  1 were  provided  for  testing 

bolted  together  to  make  a section.  Twenty-one  days  during  Phase  1,  with  the  six  internals  to  be  used  to 

and  3,100  man-hours  were  expended  on  these  two  support  the  container-handling  crane  during  Phase 

sections,  considerably  more  than  the  800  man-hours  II.*  Additionally,  three  external  spudwells  were 

usually  required  to  assemble  two  standard  3x15  installed  on  Section  No,  4 for  the  fender  system, 

sections.  Even  though  the  string  assembly  method  Internal  spudwells  adjacent  to  the  fender  system  were 

•Normally,  each  section  of  the  approach  roadway  is  supported  on  four  piles,  while  each  pierhead  section 
is  on  six. 
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rigure  3.  Pontoons  are  bolted  into  structural  angles  to  make  up  strings. 


rotated  180  degrees  from  the  normal  position.  These 
spudwclls  were  reversed  to  avoid  the  possibility  of 
interaction  between  the  support  piles  and  the  fender 
system. 

After  assembly  was  completed,  a YD  floating 
crane  lifted  the  sections  into  the  water,  as  shown  in 
Figure  9.  Section  No.  4 listed  slightly  due  to  the 
external  spudwells  on  one  side,  with  the  draft  being 
19  and  23  inches  (0.48  and  0.58  m)  on  opposite- 
sides;  it  weighed  about  140,000  pounds  (63,500  kg). 
.Section  No.  1 drafted  21  inches  (0.53  m)  and 
weighed  about  139,000  pounds  (63,000  kg).  Caution 
should  be  exercised  when  lifting  causeways  by  chains 
slung  under  the  angles  (shown  in  Figure  9)  because 
chains  frequently  deform  the  vertical  angle  legs, 
thereby  reducing  the  angle  strength. 

For  evaluation  purposes,  two  new  types  of 
end-to-end  connectors,  an  improved  Nl,  pontoon 
type  and  a new  Flexor  type,  were  installed  in  the  four 
pierhead  sections.  Padeye  clearances  on  the  Nl. 


connector  were  increased  by  1/2  inch  (0.127  m)  to 
eliminate  the  tendency  of  the  link  to  pop  out  of  the 
padeye  when  subjected  to  compressive  loads.  A cover 
plate  was  added  to  stiffen  the  male  pipe.  Figure  10 
shows  the  male  and  female  NL  connectors. 

The  developmental  Flexor  end  connector,  shown 
in  Figure  11,  is  intended  to  reduce  operational 
problems  with  the  existing  end  connectors.  Its 
features  are  increased  safety  for  personnel  and 
capability  to  end  connect  causeways  in  higher  sea 
states.  The  Flexor  acts  like  a probe,  which  can  be 
winched  into  a faired  receiver  slot.  The  Flexor  is 
locked  in  place  by  a guillotine-type  device. 
Functionally,  the  Flexor  carries  tensile  and 
compressive  loads,  while  a ball  and  socket 
arrangement  similar  to  the  Nl.  connector  absorbs 
vertical  and  horizontal  shear  components.  Since  the 
two  types  of  connectors  arc  not  compatible,  they 
were  located  so  that  two  of  each  connection  could  be 
made  up  using  the  four  sections. 


Figure  5.  F.levated  causeway  structure  erected  for  Phase  1 tests  at  Point  Mugu,  California. 


2.1.2  Phase  II  Causeway 

The  Phase  II  tests  required  nine  elevated  cause- 
way sections  to  extend  the  pierhead  beyond  the 
breaking  surf  and  to  provide  sufficient  water  depth 
for  lighters  alongside  the  pier  (Figure  12),  along  with 
two  1x15  Nl,  pontoon  strings  for  fendcring.  The  four 
sections  assembled  for  the  Phase  I tests  were  used  as 
the  pierhead  for  Phase  II.  Six  more  sections  that  had 
been  in  service  2 to  4 years  were  borrowed  from 
PlllB<',B-ONK’s  causeway  fleet  to  be  fitted  with 
external  spudwells.  Five  of  the  sections  were 
modified  to  receive  external  spudwells,  while  the 
sixth  was  added  too  late  for  reinforcement;* 
therefore,  the  sixth  section  was  used  at  the  licach 
interface.  After  fitting  the  external  spudwells,  each 
section  was  prooftested  with  a static  load  of  150,000 
pounds  (68,000  kg).  Finally,  timber  decking  was 
fitted  on  each  section  to  provide  a roadway  and  to 
reinforce  the  pontoon  deck. 


The  original  plan  for  the  Phase  11  tests  called  for  a 
causeway  section  seaward  of  the  pierhead  to  support 
the  air  bearing  turntable.  The  turntable  section  was 
one  of  the  PlllBCB’s  standard  sections.  The  section 
to  which  it  was  to  mate  on  the  pierhead  was  fitted 
with  the  developmental  Flexor  end  connector.  These 
end  connectors  arc  not  compatible,  but  they  were 
lashed  with  chain  and  wire  rope  so  that  the  male  and 
female  pipes  were  held  together.  The  turntable 
section  was  damaged  during  a period  of  high  waves 
when  the  lashing  failed  to  hold  the  ball  and  socket 
compression  pipes  together.  The  section  was  towed 
back  to  the  harbor,  and  the  turntable  was  transferred 
to  the  pierhead.  The  failure  of  the  improvised  end 
connection  was  attributed  to  stretching  of  the  wire 
rope  lashing 


Reinforcement  details  are  discussed  under  Spudwell  Development. 


I'igure  7.  Section  4 during  assembly.  Large  rectangular  spudwells  in  center  foreground  are  internal 
spudvvells  and  smaller  truncated  units  at  right  and  left  are  external  spudwells. 


Ligurc  8.  Progressive  assembly  of  four  elevated  causeway  sections. 
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2.2  SPUDWELL  DEVELOPMENT 


When  a firm  operational  requirement  for  an 
elevated  causeway  at  an  open-beach  site  was 
established  following  OSDOC  II,  NL  pontoon  cause- 
ways were  proposed  for  the  task.  NL  pontoon 
causeways  were  designed  as  floating  structures  to 
discharge  vehicular  traffic  from  LST’s  to  the  beach. 
Limited  use  has  been  made  of  the  causeways  as  bridge 
sections.  The  modular  construction  of  the  NL 
causeway  system  provides  two  spudwell  options  for 
supporting  the  causeway  on  piles.  Internal  spudwells 
replace  a standard  5 x 5 x 7-foot 
(1.52  X 1.52  X 2.1 3-m)  pontoon  flotation  module, 
and  external  spudwells  arc  bolted  to  the  outside 
angles  of  the  causeway.  Both  types  of  modular  spud- 
wells are  shown  in  Figure  13.  The  spudwells  interface 
with  the  supporting  piles. 


2.2.1  Design  Criteria 


Piles  and  spudwells  for  the  elevated  causeway 
were  designed  on  the  basis  of  gravity  and  wave  loads. 


Operational  requirements  call  for  a maximum  water 
depth  of  20  feet  (6.1  m)  at  the  pierhead.  In  this  water 
depth,  breaking  waves  range  from  13  to  17  feet  (4.0 
to  5.2  m)  in  height,  depending  on  the  wave  period,* 
therefore,  the  most  critical  pile  loading  is  a 17-foot 
(5.2-m)  breaker  in  20  feet  (6.1  m)  of  water.  A 
20-inch  (0.51-m)  diameter  pipe  pile  with 
one-half-inch  (12.7-mm)  wall  thickness  satisfies  this 
load  requirement.  Ihe  pile  load  capacity  can  be 
increased  up  to  5 0 percent  by  providing  a 
moment-resistant  pile-to-causeway  connection  instead 
of  a simple,  or  hinged,  support. 

The  spudwell  design  criteria  were  derived  from 
the  maximum  gravity  loads  anticipated,  plus  the 
ability  to  resist  the  moment  developed  by  the 
design  wave  environment.  The  moment  capacity  of 
the  20-inch  (0.51-m)  pile  at  yield  is  437,000  ft-lb 
(592.60  kN-m).  The  maximum  gravity  load  expected 
on  the  causeway  is  a combination  of  the  causeway 
dead  load,  plus  the  live  load  of  the  largest  crane  to  be 
driven  over  the  elevated  causeway. 

Critical  gravity  loads  are  possible  under  two 
conditions  — one  with  a crane  in  transit,  and  one  with 


•Wicgcl,  Robert  1.., Oceanographic  Engineering,  1964,  I’reniice-llall,  Inc.,  Englewood  Cliffs,  New  Jersey. 
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a crane  operating  as  a container  handler.  'Ihe  first 
condition  would  normally  occur  on  the  bridge 
sections  w'ith  the  causeway  supported  on  four  piles. 
The  second  condition  wt)uld  occur  on  a specially 
supported  crane  platform  or  pierhead.  Calculations 
indicate  a crane  transit  load  limit  of  235,000  pounds 
(107,000  kg)  for  a four-pile  supported  causeway  with 
8-inch  (0.20-m)  structural  angles,  for  six  piles  and 
8-inch  (0,20-m)  structural  angles,  a crane  transit  load 
limit  of  about  340,000  pounds  (154,000  kg)  is 
indicated,  from  a practical  standpoint,  the  heaviest 
crane  within  the  mission  of  the  elevated  causeway  is 
the  P&ll  6250  truck  crane,  which  can  be  reduced  to  a 
travel  weight  of  263,000  pounds  (119,300  kg)  by 
removing  90,000  pounds  (40,800  kg)  of  counter- 
weight. fven  at  its  travel  weight,  the  6250  crane 
exceeds  the  structural  capacity  of  the  four-pile 
supported  causeway;  therefore,  a six-pile  support  is 
required.  The  combination  of  causeway  dead  load 
plus  the  maximum  expected  crane  transit  load  is 
determined  to  be  no  greater  than  150,000  pounds 
(68,000  kg)  on  a single  spudwell/pile,  either  for  the 
6250  crane  on  a six-pile  supported  section  or  for 
lighter  cranes  on  a four-pile  supported  section.* 

The  maximum  expected  outrigger  load  associated 
with  container-handling  operations  on  a six-pile  con- 
figuration with  a crane  weighing  190,000  pounds 
(86,200  kg)  is  about  150,000  pounds  (68,100  kg). 
This  assumes  a container  load  of  50,000  pounds 
(22,700  kg)  at  a radius  of  50  feet  (15.2  m).  To  avoid 
overloading  any  one  spudwell,  the  design  approach  is 
to  double  up  on  spudwells  so  that  the  load  is  divided 
between  two  or  more  spudwells,  or  to  position 
outriggers  directly  on  piles.  This  was  accomplished 
during  the  Phase  II  tests  by  using  the  fender  piles  as 
secondary  gravity  load  supports. 

The  analysis  summarized  above  indicates  that  a 
design  load  of  150,000  pounds  (68,000  kg)  plus 
350,000  Ib-ft  (47.46  kN-m)  of  moment  capacity  arc 
appropriate  design  criteria  for  the  elevated  causeway 
spudwells,  because  maximum  environmental 
conditions  will  not  occur  simultaneous  with 
maximum  operational  conditions. 

A simplified  frame  analysis  of  the  causeway/pile 
system  subjected  to  gravity  loads  indicated  that  very 
little  moment  is  transmitted  from  the  causeway  to 
the  pile  due  to  the  relative  flexibility  of  the  piles. 
However,  moment  will  be  transferred  to  the  causeway 
from  the  piles,  if  the  piles  are  loaded  by  waves. 


'Appendix  C discusses  crane  transit  loads  in  greater  detail. 


2.2.2  Description 

Spudwells  provide  one  of  the  components  needed 
to  transform  floating  Nl.  pontoon  causeways  into 
elevated  structures  on  piles.  The  primary  function  of 
the  spudwell  is  to  transfer  loads  from  the  elevated 
causeway  to  the  supporting  piles.  The  spudwells  are 
of  truss-type  construction  to  minimize  weight  and  to 
provide  access  to  the  pile  for  a connection.  Two  types 
of  spudwells  were  developed  to  provide  operational 
flexibility.  The  internal  spudwell  was  designed  to  be 
used  interchangeably  with  a standard  5 x 5 x 7-foot 
(1.52  X 1.52  x 2.1  3-m)  pontoon  module.  The 
external  spudwell  was  designed  to  be  bolted  directly 
to  the  outside  edges  of  a floating  causeway  section, 
figure  7 shows  the  internal  and  external  spudwells 
prior  to  installation.  Design  details  are  available  in 
CF.L  drawings  74-25-1 F and  74-27-1 1- , which  are 
provided  in  Appendix  B. 

The  spudwells  are  designed  to  receive  a 20-inch 
(0.51-m)  outside  diameter  pile  through  a 23-inch 
(0.58-m)  diameter  opening  top  and  bottom  to 
accommodate  pile  rotations  up  to  3 degrees.  The 
spudwell  clearances  reduce  binding  and  denting  of  the 
piles  as  the  causeways  pitch  in  surf  while  still  in  the 
floating  mode. 

Installation  of  internal  spudwells  must  be  done  at 
the  time  the  causeway  section  is  assembled;  no  special 
preparations  or  procedures  are  required.  A spudwell  is 
substituted  at  the  desired  location  for  a standard  PI 
pontoon.  Kach  spudwell  reduces  the  causeway 
buoyancy  about  2 percent  and  increases  the  section 
weight  about  1,200  pounds  (544  kg).  The  internal 
spudwell  weighs  3,200  pounds  (1,450  kg). 

One  advantage  of  external  spudwells  is  the  ability 
to  install  them  on  a previously  as.semblcd  causeway. 
There  are  some  structural  reinforcements  required  to 
provide  boltholes  for  the  eight  standard  A6  bolts 
[1-1/2-inch  (38.1-mm),  high-strength)  used  to  attach 
each  spudwell  to  the  pontoon  angles,  figure  14  shows 
the  basic  reinforcements.  No  buoyancy  is  lost,  but 
each  external  spudwell  adds  about  1 ,300  pounds  (590 
kg)  of  weight. 

Spudwells  for  the  elevated  causeway  were 
designed  to  perform  the  interface  functions  with  the 
causeway  jack-up  system.  In  addition  to  cause- 
way-to-pilc  load  transfer,  the  spudwells  furnish  a 
lifting  mechanism  for  the  hydraulic  chain  jacks  and  a 
padeye  system  for  temporary  support  of  the  cause- 
way after  elevation. 
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Figure  14.  Structural  reinforcements  to  increase  shear  strength  of  causeway. 


Figure  15.  Components  of  shock  absorbing  lift  system. 


The  lifting  mechanism  for  the  chain  jacks  features 
a shock  absorbing  system  to  reduce  impact  loads  on 
the  jacks  as  the  causeway  is  lifted  out  of  the  surf. 
Figure  1 5 shows  the  shock  absorbing  system  without 
the  outside  cylinder  jacket.  The  system  consists  of  a 
long  lifting  rod  with  an  upper  padeye  that  connects 
to  the  gimbals  (load  cqualii'er)  for  lifting.  The  rod, 
which  is  threaded  at  the  bottom,  passes  through  the 
center  of  a long  rubber  cylinder.  A heavy  washer, 
held  by  a large  nut,  caps  the  other  end  of  the  rubber 
cylinder.  The  entire  system  is  mounted  in  a structural 
tube  capped  on  the  top  and  open  on  the  bottom.  The 
cap  has  a hole  for  the  bar.  When  the  upper  padeye  is 
lifted  the  lower  washer  compresses  the  rubber 
cylinder  against  the  cap,  creating  a spring-type  action. 
The  steel  tube  confines  the  expansion  of  the  rubber 
cylinders,  thereby  increasing  the  stiffness  of  the 
shock  absorbing  system. 

2.2.3  Spudwell  Tests 

The  development  of  internal  and  external  spud- 
wells  for  an  elevated  NL  pontoon  causeway  was  a 


problem  in  engineering  design;  however,  some  aspects 
of  the  design  warranted  field  testing.  The  test  pro- 
gram investigated  the  ability  of  the  pile/spudwell 
complex  to  transfer  moments  and  shears  to  the  cause- 
way structure.  Internal  spudwclls  were  mounted  in  a 
pontoon  framework  for  testing  as  shown  in  the 
l•igurc  1 insert.  Members  of  the  internal  spudwell 
were  strain-gaged. 

The  spudwell  test  results  were  extrapolated  to 
approximate  the  design  load  criteria.  Stresses 
measured  in  the  spudwell  members  did  not  exceed 
13,000  psi  (91  MPa)  when  subjected  to  a pure 
moment-type  load  of  350,000  ft -lb  (474.4  kN-m).  No 
spudwell  member  stress  exceeded  18,000  psi  (126 
MPa)  when  an  exial  load  of  1 50,000  pounds  (68,250 
kg)  was  applied  to  the  pile. 

The  spudwell  design  was  constrained  by  the 
requirement  to  integrate  a shock  absorber  system 
within  the  spudwell  structure.  The  idea  of  using 
standard  docking-type  rubber  fenders  was  improvised. 

A short  test  program  to  determine  the  most 
suitable  way  to  use  the  rubber  cylinders  was 
conducted.  It  was  important  for  deflections  to  be 
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structural  features.  The  measured  strain  gage  data 
implied  that  the  internal  and  external  spudwells  were 
capable  of  sustaining  individual  pile  loads  (working 
loads)  of  170,000  pounds  (91,000  kg)  and  450,000 
pounds  (244,900  kg),  respectively.  The  limiting 
pile/spudwell  load  is  the  spudwell-to-causeway 
connection  or  the  pile-to-spudwell  connection. 

The  limiting  working  load  on  the  external 
spudwell-to-causeway  connection  is  estimated  to  l>e 
300,000  pounds  (136,100  kg);  however,  the  load 
transfer  into  the  structural  angle  system  is  limited  to 
about  180,000  pounds  (81,600  kg).  The  internal 
spudwell  capacity  to  transfer  shear  loads  into  the 
structural  angle  system  is  approximately  180,0(K) 
pounds  (81,600  kg).  The  bracket-type  pile-to- 
spudwell  connection  can  be  made  sufficiently  strong 
to  transfer  working  loads  by  proper  application  of 
gusset  plates. 

The  shock  absorber  system  with  rubber  dock 
fenders  worked  quite  well  and  will  be  retained  in  the 
spudwell  system.  The  large  lift  padeyes  which  project 
above  deck  level  prevent  side-loading  of  causeways  on 
I.STs;  therefore,  these  padeyes  will  be  made 
removable  to  provide  a flush  deck  during  transport. 

The  external  spudwells  on  one  side  of  each 
causeway  section  must  be  removed  to  be  side-loaded 
on  an  I.ST,  the  basic  causeway  transport  mode. 
Therefore,  one  half  of  the  external  spudwells  must  be 
installed  after  a side-carried  causeway  has  been 
launched  and  is  afloat.  The  installation  of  the  test 
spudwells  indicated  that  they  would  be  very  difficult 
to  install  at  sea.  The  limiting  factors  are  minimum 
tolerances  and  the  requirement  to  insert  bolts  in  the 
bottom  angles  which  are  underwater.  The  external 
spudwell  attachment  system  will  be  modified  to 
provide  locking  mechanisms  that  can  be  operated 
from  deck  level . 

During  the  Coronado  elevated  causeway  tests,  one- 
additional  causeway  section  was  added  at  the  beach 
to  provide  more  water  depth  at  the  crane  platform. 
This  section  made  a total  of  five  sections  from  the 
beach  to  the  pierhead.  Time  was  not  available  to 
reinforce  the  section  for  external  spudwells,  and, 
therefore,  it  was  used  without  modification.  The 
spudwells  performed  satisfactorily  under  an  estimated 
applied  load  of  110,000  pounds  (49,900  kg). 


2.3  SIDE  CONNECTORS 

The  usual  configuration  of  a floating  or  elevated 
causeway  is  a series  of  21 -foot  (6.4-m)  wide  by 
90-foot  (27.4-m)  long  modular  barges  connected 
together  end-to-end  to  create  a long  causeway 
extending  seaward  from  the  shore.  However,  new 
l.i'gistics-Over-the-Shore  (l.OI'.S)  concepts  have  re- 
quirements to  expand  the  21 -foot  (6.4-m)  width  to 
42  feet  (12.8  m)  or  wider  to  provide  a large  floating 
or  elevated  platform.  The  previous  technique  for 
side-to-side  connection  of  causeways  was  to  wrap 
chain  around  the  structural  angles  of  each  causeway . 
This  technique  was  acceptable  for  short-term 
operation  in  limited  seas.  A more  substantial 
side-to-side  connector  is  required  to  provide  a secure 
connection  for  floating  causeway  barges.  Two 
primary  applications  for  the  side  connector  are  ( 1 ) to 
expand  the  elevated  container  off-loading  platform 
and  (2)  to  provide  a large  floating  platform  for 
unloading  Roll-On/Roll-Off  ships  at  sea. 

2.3.1  Description 

The  design  criterion  for  the  side<onncctor  device 
was  to  provide  a stable  transition  between  adjacent 
floating  causeway  sections  so  as  to  permit  transit  of 
vehicles  up  to  a medium  size  crane  (about  130.000 
pounds  (59,500  kg)|  over  the  interface.  In  order  to 
provide  this  stable  platform,  the  adjacent  causeway- 
sections  must  be  restrained  from  parallel  and 
perpendicular  translation.  The  structural  connection 
between  the  sections  could  be  designed  as  a fixed 
joint  or  as  a hinged  joint.  A fixed  joint  provides  a 
level  transition  betw-ecn  adjacent  causeway  sections, 
whereas  a hinged  joint  allows  rotation.  A hinged  joint 
was  selected  because  a fixed  joint  generates  greater 
moments  and  forces.  Moreover,  a fixed  joint  installa- 
tion is  likely  to  require  underwater  construction, 
which  could  be  difficult  and  hazardous  at  sea. 

The  hinged  joint  was  designed  to  integrate  a 
strong,  rugged  joint  with  a practical  field  assembly. 
To  accomplish  this  a rather  simple  mating-type 
connection  was  devised  by  utilizing  the  9-inch 
(22.9-cm)  wide  gaps  between  individual  pontoons  of 
the  causeways  to  mount  the  connection  hardware. 


Basically,  the  side  conneetDr,  shown  in  Tigure  1 
insert,  is  engaged  by  bringing  two  causeway  sections 
side-by-side,  thrusting  the  male  connector  into  the 
receiver  slot  on  the  adjacent  causeway,  and  securing 
the  connector  fasteners. 

2.3.2  Exploratory  Tests 

A requirement  for  a large  floating  platform  was 
identified  in  1973.  Specific  loading  and  operational 
criteria  were  not  known.  A field  test  was  arranged 
with  Amphibious  Construction  Battalion-ONE  in 
early  1974  to  investigate  the  parameters  of  making  up 
a large  floating  platform.*  Nine  causeway  sections 
were  assembled  in  a 3x3  matrix.  Two  methods  of 
holding  the  causeways  side-to-sidc  were  used:  (1) 
chains  dogged  off  in  the  standard  chain  plates  on  each 
causeway  section,  as  shown  in  bigurc  18,  and  (2)  long 
wire  straps  passed  beneath  the  three  sections  and  tied 
off  to  the  outside  section  to  prevent  lateral  separation 
of  the  causeways.  In  the  longitudinal  direction  the 
causeways  were  connected  end-to-end  with  standard 
end  connectors. 

A crane,  a bulldozer,  and  a forklift  were  mounted 
on  the  assembled  platform  to  determine  whether 
equipment  could  drive  on  the  platform.  The  cause- 
ways did  not  perform  as  an  integral  structural 
platform,  but  more  like  three  individual  causeway 
strings  held  side-by-side.  This  method  has  no  hori- 
zontal or  vertical  shear  resistance;  therefore, 
causeway  strings  could  displace  vertically  or 
horizontally  between  the  sides.  It  would  be  difficult 
to  drive  across  the  causeway  interfaces  because 
relative  vertical  displacements  exceeded  1 foot  (0.3 
m). 

These  exploratory  tests  demonstrated  that  a 
platform  can  be  assembled  at  sea  from  individual 
causeway  sections.  The  most  signifieant  finding  from 
the  tests  was  that  side-to-sidc  connected  causeways 
must  have  a mechanism  to  prevent  relative  vertical 
and  horizontal  motions  between  sections. 

After  considering  many  side-connector  configura- 
tions, a relatively  simple  concept  using  a structural 
beam  between  adjacent  causeways  was  designed. 
I'  igure  19  shows  the  prototype  side-connector  design. 
Two  of  the  units  were  built  for  testing  in  early  1975 
in  conjunction  with  l•'lect  operations  with  I.ASII 


barges.  The  units  were  used  to  side-connect  a 
causeway  section  employed  as  a crane  platform  to 
unload  I.ASII  barges,  as  shown  in  l•igure  20. 

Conceptually,  the  side  connector  worked  quite 
well,  providing  a solid  transition  for  vehicle  traffic 
across  the  joint  between  causeways.  To  hold  the  side- 
connected  section  in  place,  chains  were  engaged  in 
existing  chain  plates.  The  chains  allow  4 to  6 inches 
(10.2  to  15.2  cm)  of  in-and-out  movement  between 
the  crane  platform  and  the  causeway.  This  movement 
proved  to  be  detrimental  to  the  side  connector  due  to 
abrasive  action  between  the  steel  beam  and  the  steel 
receiver  plates.  After  being  moored  at  sea  for  3 days, 
the  steel  plates  were  heavily  worn. 

Two  important  design  criteria  were  revealed  in 
the  crane  platform  test,  l-irst,  the  basic  plates  and 
beams  should  be  heavier  to  guard  against  abrasion. 
Second,  the  relative  movement  between  the  side- 
connected  sections  should  be  restricted  to  minimize 
abrasion.  To  restrict  in-and-out  movement  requires 
that  a method  other  than  the  existing  chains  and 
chain  plates  be  used.  The  side  connector  shown  in 
Figure  1 evolved  from  these  criteria. 

2.3.3  Tests  with  the  Elevated  Causeway 

In  the  elevated  causeway  tests  at  Coronado,  two 
sets  of  side  connectors  were  installed  to  obtain  the 
floating  causeway /platform  complex  shown  elevated 
in  Figure  1 . The  floating  platform  was  assembled  in 
the  harbor  so  that  it  could  transport  hardware  to  the 
ereetion  site  on  Silver  Strand  Beach.  The 
100,000-pound  (45,000-kg)  crane  was  mo''cd  around 
to  equalize  causeway  drafts  for  the  side  connectors. 
The  first  section  was  connected  easily,  but  some 
difficulties  occurred  with  the  second  side  connection 
because  the  different  types  of  end  connectors 
between  the  paired  sections  have  different  tolerances. 

After  securing  the  turnbuckle  assembly,  the 
scven-section-long  causeway,  with  two  side-connected 
sections,  was  towed  15  miles  (24  km)  to  the  elevated 
causeway  site  by  warping  tugs.  Upon  reaching  the 
open-beach  site,  the  end  of  the  causeway  was  beached 
with  the  floating  platform  offshore.  The 
side-connected  platform  was  just  outside  the  surf 
zone  and  remained  afloat  for  12  days.  Maximum 
wave  eonditions  measured  offshore  were  about  7 feet 
(2.1  m). 


•CKI.  Special  Report  No.  55-74-05:  "Floating causeway  platform,  truck  turnaround  tests,"  by  B.  R.  Karrh,  Apr  1974. 
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Figure  18.  Chains  used  with  standard  causeway  chain  plates  to  hold  causeways  together. 
Note  relative  movement  between  sections. 


Figure  19.  Sectional  sketch  of  first  semi-rigid  side  connector. 


I'igurc  20.  Crane  mounted  on  side-connected 
barge  operations,  March  1975. 

One  of  the  Idexor  end  connectors  failed  while  the 
causeway  was  afloat.  The  end-connector  failure 
imposed  additional  load  on  the  side  connector  due  to 
wave  forces  on  the  causeway  sections  farther  off- 
shore. One  hydraulic  cylinder  failed  because  the 
turnbuckle  assembly  was  not  tightened  to  relieve  the 
hydraulic  pressure. 

Before  the  pierhead  was  elevated,  the  side  con- 
nectors were  withdrawn.  Causeway  motion  due  to  the 
waves  relieved  the  friction  binding  intermittently, 
thereby  allowing  the  connectors  to  slide  out.  The  side 
connectors  were  reinstalled  to  provide  continuity 
between  the  elevated  sections.  Alignment  for  the  side 
connection  was  accomplished  by  pulling  the  elevated 
causeways  with  a do/er. 

2.3.4  Post-Operational  Test 

One  recommendation  of  PI II  BOB  operators  at  the 
end  of  the  elevated  causeway  tests  was  to  replace  the 
hydraulic  cylinder  and  the  turnbuckle  assembly  of 
Figure  1 with  a simpler  mechanism  and  a more 


causeway  section  during  PIIIBCB-ONK  I,.\SII 

accessible  locking  device,  respectively.  To  accommo- 
date these  recommendations,  the  side-connection 
device  depicted  in  Figure  21  was  built  and  tested  .\ 
worm  screw  jack  replaced  the  hydraulic  cylinder  as 
the  mechanism  to  thrust  the  male  connector  into  the 
receiver  plates,  A guillotine-type  locking  device  at 
each  end  of  the  side-connector  beam  replaced  the 
turnbuckle  assembly. 

The  modified  side  connectors  were  tested  at  Port 
llueneme  in  June  1976,  using  the  four  pierhead 
causeway  sections  to  make  a four-wide  floating 
platform.  Concurrently,  a test  was  conducted  to 
examine  the  feasiblity  of  making  a floating  platform 
with  rigid  side  connections  rather  than  the  hinged 
type.  Such  a platform  is  required  to  unload  KO/RO 
ships  at  sea. 

The  plan  was  to  use  the  existing  side  connector  as 
an  intermediate  step  to  bolting  the  angles  together  to 
establish  a rigid  connection.  The  problem  was  to  bolt 
the  legs  of  the  bottom  angles,  which  arc  submerged, 
using  special  tools  developed  for  that  purpose.  A trial 
run  of  the  test  was  made  in  the  harbor.  The 
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preliminary  test  demonstrated  that  the  bottom  cause-  2.4  CAUSEWAY-TO-PILE  CONNECTIONS 
way  angles  cannot  be  bolted  together  with  the  special 

tools.  I.oads  and  moments  in  the  elevated  causeway 

The  four-wide  causeway  platform  was  assembled  structure  are  transmitted  to  the  piles  and  into  the  soil 
at  sea  with  no  major  incidents  using  hinged  side  where  the  piles  are  driven.  Design  criteria  for  the 
connectors.  The  screw  jacks  engaged  and  disengaged  spudwells  were  established  at  150,000  pounds 
the  side-connector  beams  using  a powered  drill  to  (68,000  kg)  gravity  load  and  350,000  ft-lb  (475 
speed  up  the  jacks.  At  times,  the  side  connectors  can  kN-m)  moment.  These  loads  originate  from  two 
be  engaged  at  sea,  but  not  in  a harbor  because  cause-  independent  sources.  The  vertical  load  comes  from 
way  motions  at  sea  relieve  friction  binding  inter-  the  dead  load  of  the  causeway  plus  live  gravity  loads, 
mittently  to  allow  the  beams  to  slide  into  the  receiver  such  as  cranes,  while  the  moments  arc  generated  by 
plates.  The  tests  demonstrated  that  the  screw  jack  wave  loads  on  the  piles. 

and  guillotine  can  functionally  and  operationally  There  arc  two  reasons  that  a moment -resistant 
satisfy  the  side-connector  requirements.  connection  is  preferred  for  connecting  the  piles  to  the 
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causeway,  l-'igurc  22(a)  demonstrates  the  additional 
local  load  resistance  of  piles  with  the  moment  resis- 
tance over  piles  with  hinged  ends,  l-igure  22(b) 
illustrates  the  lateral  stability  gained  by  providing  a 
moment-resistant  connection  at  the  pile-to-causeway 
connection.  Safe  operating  criteria,  based  on  pile- 
strength  and  pile  bearing  capacity,  for  a single  bent  of 
an  elevated  causeway  are  shown  in  l-'igurc  23.* 
Lateral  load  resistance  is  required  to  withstand  wave, 
current,  and  wind  forct-s  plus  loads  from  lighters 
moored  alongside  the  pier.  The  greater  rigidity  of  the 
causeway  compared  to  the  piles  means  that  gravity 
loads  induce  little  moment  in  the  support  piles;  there- 
fore, the  assumption  of  simple  supports  for  the  cause- 
way introduces  small  error.  However,  for  lateral  loads 
on  the  elevated  causeway  and  local  loads  on  the  piles, 
fixed-end  supports  must  be  assumed. 

Having  chosen  the  type  of  connection  between 
piles  and  causeway,  it  was  necessary  to  design  a 
connection  to  resist  the  vertical  shear  and  the 
moment.  The  approach  chosen  was  to  weld  triangular 
plates  to  the  piles  and  spudwells  at  the  deck  and  the 
bottom  levels  of  the  spudwells. 

During  the  Phase  1 tests  two  CKl,  welders  worked 
full  time  and  two  part  time  for  2 weeks  to  weld  about 
60  plates  and  other  items.  Actual  working  time  was 
limited  by  wave  splash  on  the  piles  and  had  to  be 
coordinated  with  tides.  1-ow  strength  rod  was  used  to 
weld  the  plates,  because  it  is  more  effective  when 
corrosion  and  other  foreign  elements  are  present. 
Kach  plate  required  over  1 hour  to  install  when  no 
complications  occurred. 

I'imcly  completion  of  the  pile-to-causeway 
connections  is  an  important  practical  aspect  of  the 
elevated  causeway.  Pile  connections  should  not  lag 
the  elevating  procedures  by  more  than  a few  hours. 

During  the  Phase  H tests  four  civilian  welders 
from  Public  Works  Center  and  three  welders  from 
PHIBCB-ONF,  were  employed  full  time,  l-'igurc  24 
shows  the  welding  equipment  on  the  pier.  Welding 
operations  were  interrupted  when  the  elevating  crew 
moved  the  equipment  back  and  forth  on  the  pier. 
CKL  Drawing  75-24-11-  of  Appendix  B details  the 
plate  installations  for  the  Phase  11  tests. 

It  was  necessary  to  trim  some  of  the  plates  with  a 
cutting  torch  to  fit  squarely  with  piles  that  were 
driven  out  of  plumb.  There  arc  two  difficulties 


associated  with  the  welded  connection  to  the  external 
spudwells.  A welder's  platform  was  required  to  install 
the  plates  on  the  outboard  side  of  the  piles  as  shown 
by  l-'igurc  25.  I'hc  makeshift  platform  was  assembled 
from  pieces  of  angle  and  was  clamped  or  tack  welded 
in  place.  Welding  time  was  limited  on  connections 
near  the  beach  due  to  wave  splash  on  piles  at  high 
tide.  This  same  problem  occurred  while  welding 
brackets  during  the  Phase  I tests,  and  surf  conditions 
were  even  more  severe.  Kxtremc  caution  should  bc 
cxerciscd  when  using  cutting  torches  to  remove- 
welded  components  from  the  structural  angles  to 
avoid  damaging  the  angles. 

The  Phase  H tests  provided  a test  bed  to 
determine  how  well  welders  could  keep  pace  with  thc 
elevating  operation.  Seven  welders  and  seven  welding 
machines  were  available  during  the  tests,  l or  the 
external  spudwells  on  the  access  causeway  sections, 
six  plates  per  pile  were  required  for  a total  of  over  24 
plates  per  section.  These  plates  were  all  the  triangular 
type  shown  in  l-igure  25.  i-'or  the  internal  spudwells 
on  the  pierhead  sections,  the  upper  plates  were 
weldcd  directly  to  the  pile  and  spudsvell,  which  can 
l>e  seen  in  l-'igure  1.  The  lower  plates  were  more 
difficult  because  the  welders  had  to  climb  down 
inside  the  spudwells  to  mancuv-r  into  position  for 
welding  the  plates.  Two  of  the  lower  plates  required  a 
welder  of  small  stature  to  maneuver  into  position. 
Figure  26  shows  a plate  welded  inside  the  spudwells. 

During  the  Phase  H tests  there  were  270  plates 
welded  to  make  up  the  pile-to-causeway  connections. 
Discounting  the  welding  for  other  parts  of  the  test 
and  other  delays,  five  welders  normally  welded  on  the 
pile  connections.  The  welding  crew  was  on  the  job  for 
about  100  hours,  and  about  50  percent  of  that  time 
was  applied  toward  productive  welding  of  pile  con- 
nections. Therefore,  350  man-hours  were  expended 
on  270  plates  for  an  average  of  1.3  hours  per  plate. 

The  welded  connections  require  many  PHIBCB 
steelworkers  and  much  welding  equipment.  The  size 
of  the  welding  crew  required  is  a function  of  the  rate 
at  which  causeways  arc  elevated.  For  example,  if  a 
causeway  is  elevated  ever)'  4 hours  and  one  welder 
works  on  each  available  pile  at  a rate  of  one  plate 
every  1.3  hours,  eight  welders  arc  required  to 
maintain  the  pace  of  the  elevating  operation. 


'An  analysis  of  lateral  loads  on  the  elevated  causeway  is  being  published  under  separate  cover.  The 
analysis  includes  gravity,  environmental  and  operational  loads  on  the  causeway. 


Figure  25.  Welder  on  platform  prepares  to  weld  lower  triangular  bracket  plates  to  pile  for 
external  spudwell.  Note  completed  upper  brackets. 
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I'igure  26.  Rectangular  and  triangular  bracket  plates  used  inside  internal  spudwells. 

A causcway-to-pile  connection  that  minimi/.cs 
welding  is  needed  to  circumvent  the  steelworker 
requirement.  Kfforts  were  renewed  to  develop  such  a 
pile  connection.  One  technique  which  employs  steel 
bars  inserted  through  holes  burneil  through  the  pile 
walls  is  being  tested.  Some  type  of  wedging 
mechanism  is  required  to  convert  this  technique  to  a 
moment-resistant  conneetion.  Other  ideas  that 
incorporate  more  sophisticated  spudwell  mechanisms 
are  being  investigated.*  Many  ideas  seem  to  hinge 
around  a two-part  connection  — a vertical  shear 
mechanism  plus  a moment-resisting  mechanism. 

•The  Del.ong  Corp.,  New  York,  New  York,  has  a contract  with  CKL  to  study  the  pile  connection 
prolilcni. 
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j SECTION  3 

I STRUCTURAL  ANALYSIS 

f 


t As  a floating  structure,  NL  pontoon  causeways  The  objective  of  the  structural  investigation  was 

; demonstrated  their  capability  to  support  many  loads,  to  establish  a reliable  analysis  technique  that  could  be 

The  causeway  will  be  called  upon  to  support  even  used  to  determine  limiting  load  conditions  and  to 

j heavier,  more  concentrated  loads  in  carrying  out  the  enhance  structural  capacities  by  selective  reinforce- 

elcvated  causeway  mission.  The  simple  act  of  ment.  The  methods  by  which  the  objective  was 

supporting  the  causeway  on  piles  concentrates  the  accomplished  proved  to  be  diverse.  Beam  theory  was 

i loads  into  the  support  points,  whereas  there  is  used  for  the  first  estimate  of  structural  capacity. 

; relatively  uniform  support  of  the  water  pressure  in  Since  beam  theory  does  not  account  for  the  multiple 

I the  floating  mode.  Figure  27  emphasizes  this  load  discontinuities  of  the  pontoon  barge,  a finite  clement 

concentration.  Greater  moments  and  shears  arc  model  of  the  structure  was  developed  for  an  existing 

introduced  into  the  structure  by  the  concentrated  computer  code.  The  finite  element  model  provided 

’ pile  reactions.  The  basic  objective  was  to  define  the  insight  to  the  transfer  of  forces  in  the  structure, 

structural  response  of  the  elevated  causeway  so  that  particularly  the  behavior  of  the  structural  angles  at 

load  capabilities  and  limitations  can  be  predicted.  the  9-inch  (0.23-m)  openings.  As  a result  of  the  finite 

j The  optimum  location  of  the  causeway  pile  element  study,  a modified  beam  theory  was 

1 supports  depends  upon  the  interaction  of  dead  and  developed  that  gives  quick  answers  for  maximum 

j live  load  moments  and  shears  as  well  as  the  length  of  stress  conditions.  Local  effects,  such  as  load  and  shear 

I the  cantilevered  end.  Intuitively,  the  pile  supports  transfers  between  pontoons  and  the  structural  angles, 

f (and  spudwells)  should  be  located  near  the  ends,  the  were  examined.  During  the  elevated  causeway 

second  or  third  pontoon  being  the  most  probable  erection  tests,  two  causeway  sections  - one 

location.  The  results  of  an  analysis  to  determine  the  supported  by  internal  spudwells  and  one  supported 

j optimum  location  of  spudwells  with  respect  to  dead  by  external  spudwells  — were  strain-gaged  and  tested 

and  live  load  stresses  in  the  structure  indicated  that  with  controlled  loads. 

I the  optimum  point  lies  between  the  second  and  third  The  experimental  and  theoretical  results  are 

pontoons  from  the  end.  Since  stress  considerations  compared  in  Appendix  A.  The  structural  analysis  was 

provided  no  clearcut  choice  of  spudwell  locations,  the  used  to  develop  a prediction  model  for  various  t>  pcs 

second  pontoon  was  selected  so  that  potential  of  gravity  loads.  Loads  applied  to  the  crane  platform 

structural  problems  would  tend  to  be  isolated  by  the  90-ton  (82-Mg)  crane  at  Coronado  are 

between  piles,  and  a six-pile-supported  causeway  discussed,  and  support  and  causeway  reinforcements 

could  be  used.  are  examined  in  Appendix  A.  Lateral  load  effects  will 

be  published  at  a later  date. 
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SECTION  4 


SUMMARY 


4.1  FINDINGS 

1.  Floating  causeway  sections  in  prior  service  2 to  4 
years  could  be  used  as  elevated  causeway  approach 
sections  after  minor  reinforcements. 

2.  Fixternal  spudwells  with  holt-on  type  attachment 
could  not  be  installed  on  a floating  causeway  section 
at  sea. 

3.  Stresses  in  the  internal  and  external  spudwells  did 
not  exceed  18,000  psi  (126  MPa)  when  test  loads 
were  extrapolated  to  design  loads  of  350,000  ft-lb 
(474.4  kN  m)  mojnent  and  150,000  pounds  (68,200 
kg)  axial  load,  independently. 

4.  Ilingcd-typc  side  connectors  with  both  hydraulic 
ram  and  screw  jack  activating  mechanisms  were 
installed  in  the  9-inch  (0,2 3-m)  openings  between 
pontoons. 

5.  Hinged  side  connectors  were  used  to  assemble,  at 
sea,  four  causeway  sections  into  an  84-foot  (25.4-m) 
wide  by  90-foot  (27. 3-m)  long  floating  platform. 

6.  Side-connected  causeway  sections  were  used  as  a 
floating  logistics  platform  for  a 30-ton  mobile  crane 
and  in  the  erection  of  an  elevated  causeway  pierhead. 

7.  The  hydraulic  cylinder  activating  device  and  the 
turnhuckic  securing  assembly  of  the  side  connector, 
though  functionally  adequate,  were  troublesome  to 
PIlIBCB  operators. 

8.  A rigid  side-to-side  connection,  made  up  by  bolting 
adjacent  angles  together,  could  not  be  completed 
even  with  the  use  of  special  pontoon  erection  tools. 

9.  A moment-type  pile-to-causeway  connection 
increases  the  load  capacity  of  the  piles  against  local 
wave  loads  and  increases  the  lateral  (overturning) 
resistance  by  100  percent  compared  to  a hinged 
connection. 

10.  Each  welded  gusset  plate  of  the  pilc-to-causeway 
connection  required  about  1.3  hours  welding  time  to 
install. 


11.  Wheel  loads  to  16,000  pounds  (7,260  kg)  were 
safely  supported  by  a bare  pontoon  deck.  Dual  wheel 
loads  to  21,(K)0  pounds  (9,500  kg)  were  supported 
safely  by  a pontoon  deck  overlaid  by  4x12  timbers. 
Higher  wheel  loads  are  possible  provided  the  wheels 
rt)ll  directly  on  the  structural  angles. 

12.  Stresses  in  the  structural  angles  of  an  elevated 
causeway  were  unpredictable  by  ordinary  beam 
theory  due  to  structural  discontinuities  at  the  9-inch 
(0.23-m)  opening  between  pontoons,  A stress 
computation  model  must  include  terms  to  account 
for  the  transfer  of  shear  across  the  openings. 

13.  A statistical  comparison  between  stresses 
computed  by  the  finite  element  model  and  the 
modified  beam  theory  model  determined  that  the 
average  standard  deviation  of  the  modified  beam 
theory'  model  was  about  40  percent  less  than  the 
finite  element  model.  Both  models  were  compared  to 
experimentally  measured  stress  data. 

14.  Live  crane  loads  up  to  150,000  pounds  (68,000 
kg)  were  employed  on  elevated  causeway  structures 
instrumented  by  strain  gages, 

15.  The  safe  stress  level,  as  computed  by  modified 
beam  theory,  of  four-  and  six-pile-supported 
causeways  with  6-inch  (15.2-cm)  structural  angles  is 
reached  by  1 30,000-pound  (59,0(K)-kg)  and 
200,()00-pound  (91,()00-kg)  wheel-mounted  cranes, 
respectively. 

16.  Outrigger  reactions  to  150,000  pounds  (68,100 
kg)  arc  developed  by  a P&H  9125  truck  crane 
I 140-ton  ( 1 2 7 ,00()-kg)  rated)  handling  a 
44,800-pound  (20,90()-kg)  container  at  a radius  of  50 
feet  ( 1 5.2  m). 

4.2  CONCLUSIONS 

1.  The  existing  NL  pontoon  hardware  configured  in 
3x15  sections,  as  modified  and  tested,  is  feasible  and 
practical  for  the  elevated  causeway. 
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2.  Pierhead  sections  require  internal  spudwells  and  a 
six-pde  support.  The  sections  must  be  reinforced  to 
sustain  the  crane  operating  loads. 

3.  The  approach  to  the  pierhead  can  be  of  existing 
assault  causeways  adapted  to  accommodate  external 
spudwells.  f loating  causeway  sections  that  have  been 
in  service  up  to  four  years  perform  satisfactorily  as 
elevated  sections  with  external  spudwells. 

4.  All  piles  should  be  20  inches  (0.51  m)  in  diameter 
with  a 1 /2-inch  (12.7-mm)  wall  thickness. 

5.  The  internal  and  external  spudwell  structures  can 
safely  transfer  the  design  loads  into  the  piles. 

6.  The  external  spudwell  bolt  attachment  mechanism 
should  be  redesigned  to  permit  installation  at  sea.* 

7.  A wide  floating  platform  can  be  erected  at  sea 
from  causeway  sections  fitted  with  hinged-type  side- 
connectors.  The  platform  can  be  used  for  logistics 
operations  or  to  assist  in  the  erection  of  an  elevated 
pierhead. 

8.  The  hydraulic  cylinder  activating  device  and  the 
turnbuckic  securing  assembly  should  be  replaced  with 
simpler  mechanisms.* 

9.  A moment-resistant  pile-to-causeway  connection 
increases  the  load  capacity  of  the  causeway  for  a 
given  size  of  pile. 

10.  The  welded  gus.set  pile-to-causeway  connection 
requires  more  manpower  and  equipment  than  current 
PIlIBCB  staffing  policy  can  provide. 

11.  A moment-type  pile-to-causeway  connection  that 
minimizes  field  welding  is  needed.* 

12.  A bare  pontoon  deck  can  safely  support  a crane 
with  a four-wheel  bogie  load  up  to  64,000  pounds 
(29,000  kg),  or  a six-wheel  bogie  load  up  to  96,000 
pounds  (43,600  kg).  A pontoon  deck  overlaid  by 
4x12  timbers  can  safely  support  a crane  with  a 
four-wheel  bogie  load  up  to  84,000  pounds  (38,000 
kg),  or  a six-wheel  bogie  load  up  to  126,000  pounds 
(57,000  kg). 

13.  Modified  beam  theory  is  a more  reliable  method 
of  computing  elevated  causeway  stresses  due  to 
gravity  loads  than  the  finite  element  model. 


14.  f our- and  six-pilc-supported  causeways  with 
standard  6-inch  (15.2-cm)  angles  should  not  be 
loaded  with  cranes  exceeding  130,0(K)  pounds 
(59,000  kg)  and  200,000  pounds  (91,0(K)  kg), 
respectively. 

15.  Outrigger  loads  developed  by  a crane  handling  a 
20-ton  (18,200-kg)  container  at  a radius  of  50  feet 
(15.2  m)  can  be  supported  on  an  elevated  causeway 
by  (a)  reinforcing  the  structural  angles  to  effect  a 
better  shear  transfer,  (b)  providing  multiple  pile- 
supports  near  the  outrigger  locations,  or  (c)  locating 
spudwells/piles  such  that  the  outriggers  can  be 
positioned  directly  on  piles. 


4.3  RFXOMMENDATIONS 

1.  Use  standard  assault  causeways,  reinforced  for 
external  spudwells,  to  construct  the  elevated 
approach  to  the  pierhead.  The  pierhead  sections 
should  be  constructed  with  internal  spudwells.  All 
piles  should  be  20  inches  (0.51  m)  in  diameter  with 
1/2-inch  (12.7-mm)  wall  thickness. 

2.  Retain  the  basic  external  spudwell  structure,  but 
develop  a new  attachment  mechanism  so  that 
external  spudwells  can  be  installed  at  sea. 

3.  Adopt  the  hinged-type  side  connector  as  a 
standard  technique  to  connect  causeways  side-by- 
side. 

4.  Replace  the  hydraulic  cylinder  activating  device 
and  the  turnbuckle  securing  assembly  of  the  side 
connector  with  a worm  screw  jack  and  a guillotine- 
type  locking  mechanism,  respectively. 

5.  Develop  a moment-type  pile-to-causeway 
connection  that  requires  minimum  field  welding. 

6.  Each  time  a crane  is  moved  on  the  elevated 
eau.seway,  optimize  wheel  loads  on  the  front  and  rear 
wheel  bogies  by  rotating  the  boom  or  temporarily 
removing  counterweights  so  that  safe  working  loads 
are  not  exceeded. 

7.  Use  modified  beam  theory  to  compute  stresses  in 
the  structural  angles  of  the  elevated  causeway.  Use 
the  influence  lines  for  moment  and  shear  (given  in 
Appendix  A)  to  expedite  the  computations. 


*As  of  December  1976,  the  three  hardware  items  of  Conelusions  6,  8,  and  1 1 appear  to  be  resolved.  The  new 
hardware  developments  will  be  evaluated  in  the  LOTS  exercise  during  the  summer  of  1977. 


8.  Limit  the  four-pile-supported  causeway  with 
6-inch  (15.2-cm)  angles  to  crane  transit  loads  no 
greater  than  130,000  pounds  (59,000  kg).  Limit  the 
six-pile  configuration  to  200,000  pounds  (91,000  kg). 

9.  Construct  special  causeway  sections  for  the  crane 
platform  (pierhead)  with  internal  spudwells  located 
so  that  crane  outriggers  can  transfer  loads  directly  to 
piles. 
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THE  FINITE  ELEMENT  MODEL 

The  NL  pontoon  causeways  are  made  up  of 
individual  flotation  modules  interlocked  by  a system 
of  structural  angles.  Multiple  discontinuities  between 
modules  and  the  structural  angle  system  clearly 
disqualify  ordinary  beam  theory  as  the  method  for 
predicting  stresses  due  to  external  loads.  The  finite 
element  analysis  method  divides  the  engineering 
structure  into  many  interconnected  elements,  or 
parts,  capable  of  transmitting  forces  and  displace- 
ments between  each  other.  This  technique  was 
selected  to  analyze  the  causeway  structure  on  piles. 

The  computer  code  chosen  for  the  analysis  was 
developed  at  the  University  of  California  at  Berkeley. 
The  code,  entitled  Structural  Analysis  Program  (SAP) 
is  capable  of  making  linear,  elastic  analyses  of 
complex  three-dimensional  structures  subjected  to 
static  or  dynamic  loads.  With  the  computer  code 
available,  the  task  of  formulating  an  elemental 
mathematical  model  equivalent  to  the  causeway 
structure  on  piles  was  undertaken.* 

Constructing  the  Model 

Model  development  was  the  most  important  step 
in  the  structural  analysis.  Figure  A-1  schematically 
depicts  the  pontoon  structure.  From  the  standpoint 
of  the  analytical  model,  the  causeway  is  an  orderly 
collection  of  plate  elements  (pontoons)  and  structural 
angles,  interconnected  to  function  as  an  integral 
structure. 

The  angle  members  are  the  main  members  of  the 
structure,  with  the  pontoon  boxes  performing  a 
supporting  role.  The  top  and  bottom  angles  together 
can  be  thought  of  as  the  top  and  bottom  flanges  of  a 
5-foot  (1.52-m)  deep  longitudinal  pla'c  girder  with 
the  boxes  acting  as  the  girder  web.  A problem  with 
this  analogy  arises  since  the  “web,”  which  normally 
resists  shear  forces,  is  discontinuous.  Where  the  web 
(or  pontoon)  is  missing,  the  angles  must  transfer  the 


shear  across  the  gap,  thereby  inducing  bending 
stresses.  The  problem  is  further  complicated  by  the 
connection  mechanism  between  adjacent  pontoon 
strings. 

A primary  source  of  difficulty  was  to  model  the 
bolted  connections  so  that  the  transfer  of  forces  was 
consistent  with  the  real  structure.  Figure  A-2a  and 
A-2b  shows  the  two  basic  bolted  connections,  one 
exterior  and  one  interior,  between  adjacent  pontoon 
strings.  Load  transfer  from  the  spudwells  to  the 
causeway  structural  system  is  most  critical.  For 
example,  a gravity  load  placed  directly  on  a pontoon 
must  be  transferred  into  the  structural  angle  system. 
A simplified  representation  of  this  load  transfer 
indicates  that  the  upper  connection  attempts  to 
transfer  the  load  through  the  horizontal  angle  leg  by 
bending,  while  the  lower  connection  probably 
transfers  the  load  directly  into  the  throat  of  the  angle 
from  the  pontoon  corner.  The  lower  connection 
seems  stiffer  than  the  upper  one  and  may  accept 
more  of  the  load  transfer. 

The  load  transfer  from  pontoon  to  angle  system  is 
basically  the  same  at  the  interior  connection.  Another 
problem  occurs  on  how  to  transfer  the  load  between 
adjacent  pontoon  strings.  There  are  two  paths 
through  which  the  forces  can  travel.  Figure  A-1  and 
Figure  A-2b  show  an  API  plate  bolted  to  both  strings 
across  the  horizontal  angle  legs,  and  a bolt  clamping 
the  two  vertical  angle  legs  together.  The  inset  of 
Figure  A-2b  depicts  the  distortion  that  occurs  to  the 
API  plate  due  to  the  bending-type  loading  it  receives. 
The  bolt  that  clamps  the  vertical  legs  together  effects 
a direct  shear  transfer  and  is  considerably  stiffer  than 
the  API  plate;  therefore,  it  probably  accepts  more  of 
the  shear  transfer  between  strings.  The  API  plate 
functions  as  the  resisting  element  for  transverse 
moments  in  the  structure,  (n  reality  the  interior  con- 
nection is  probably  made  up  of  two  relativeU 
independent  components  — the  vertical  shear  resisting 
bolts  in  the  vertical  angles  legs  and  the  transverse- 
moment-resisting  API  plates.  The  qualitative  analysis 


•Mr.  John  E.  Crawford,  computer/structurcs  specialist  at  CEL,  developed  the  elevated  causeway  finite 
element  model. 
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above  indicates  the  pontoon  connections  to  be 
structurally  inefficient  for  transfer  of  gravity  loads. 

The  finite  element  causeway  model  is  represented 
in  l-igure  A-3.  The  model  is  made  up  of  beam 
elements  and  plate  elements  with  the  two  types  of 
elements  connected  at  nodes  representing  bolted 
connections.  Kach  outside  angle  becomes  a beam,  and 
each  beam  is  subdivided  into  beam  elements.  The 
back-to-back  interior  angles  are  represented  by  a 
single  beam  with  the  properties  of  the  two  angles. 
Beam  nodes*  correspond  to  the  actual  places  where 
the  pontoons  bolt  to  the  angles.  Kach  pontoon  model 
is  made  up  of  si.\  plate  elements  with  the  corners  of 
the  top  and  bottom  plates  attached  to  the  beams  at 
the  nodes.  In  a simplified  manner,  the  causeway 
model  is  made  up  of  eight  beams  (the  angles),  which 
are  tied  into  a structure  by  the  plate  elements  (the 
pontoons).  The  external  spudwells  were  modeled  as  a 
collection  of  beam  elements  attached  to  the  causeway 
and  to  the  supporting  piles. 

Stress  predictions  in  the  real  structure  can  be  no 
better  than  the  model  representation.  In  the  case  of 
the  causeway  structure  model,  the  objective  was  to 
analyze  the  priniarv'  forces  and  stresses  in  the  real 
structure.  Secondary  behavior  of  the  structure,  such 
as  connections,  was  simplified  to  limit  the  number  of 
elements  and  nodes  to  a manageable  level.  With  the 
selected  modeling,  there  were  more  than  200  beam 
elements  and  nearly  300  plate  elements.  The  con- 
nection mechanism  was  studied  in  more  detail  using  a 
substructure  model. 

Results  of  the  Model  Study 

The  objective  of  the  finite  element  study  was  to 
develop  a mathematical  model  to  predict  the  struc- 
tural behavior  of  the  complex  and  highly 
discontinuous,  modular  causeway  structure.  The 
model  was  successful  in  this  respect  because  it 
revealed  stress  variations  and  the  response  of  the 
structure  to  different  loads.  Results  provided  by  the 
finite  clement  model  led  to  the  development  of  the 
modified  beam  theory  model.  However,  the  finite 
element  method  as  well  as  this  particular  model  are 
not  well  suited  to  the  analysis  of  the  local  stress 
caused  by  the  rather  complicated  loadings  applied 
(e.g.,  portable  cranes  plus  outriggers).  This  type  of 
analysis  was  needed  to  compare  with  experimental 


data  and  to  compute  the  maximum  stresses  from 
different  loadings.  Also,  it  should  be  noted  that  the 
finite  element  technique  is  better  adapted  to  analyses 
of  continuous  structures  than  to  a modular,  bolted 
structure  like  the  pontoon  causeway. 

Load  and  stress  data  are  presented  in  a manner 
that  will  be  of  practieal  use  to  the  reader  who  wants 
to  estimate  stresses  in  the  elevated  causeway  due  to 
specific  loads.  An  influence  line  is  a classical  method 
for  showing  the  effects  of  a moving  load  on 
structures,  such  as  bridges,  but  it  is  usually  drawn  for 
moment  or  shear  at  a particular  location  or  cross 
section.  By  inserting  the  properties  of  the  structure  at 
that  cross  section,  influence  lines  can  be  drawn  for 
stress  at  a cross  section  in  a similar  manner.  This 
approach  was  used  to  depict  the  stress  at  a point  due 
to  a unit  load  at  any  point  on  the  causeway  structure. 

Influence  lines  for  unit  loads  were  drawn  for  the 
intersection  between  the  third  and  fourth  pontoon 
from  the  end  of  the  causeway,  which  is  the  most 
highly  stressed  cross  section;  these  influence  lines  are 
presented  in  Figure  A-4.  Two  support  conditions  arc 
given;  (1)  the  3x15  causeway  supported  by  four  piles, 
and  (2)  the  3x15  causeway  supported  In  six  piles. 
The  influence  lines  for  the  four-pile-support  condi- 
tion arc  presented  for  6-inch  (15.5-cm)  and  8-inch 
(20.3-cm)  angles.  Six-inch  (15.5-cm)  angles  are 
standard  for  all  causeways. 

The  concept  of  influence  lines  is  sometimes 
confusing  to  persons  who  are  unfamiliar  with  them. 
Consider  an  example  of  a crane  weighing  100,0(K) 
pounds  (45,400  kg)  with  the  wheel  loads  distributed 
as  shown  on  Figure  A-4.  Read  the  ordinate  of  the 
influence  diagram  at  each  load,  and  multiply  the 
ordinate  times  the  wheel  load  at  the  corresponding 
location.  Table  A-1  compares  the  stresses  at  x = 19.5 
feet  (5.94  m)  for  the  support  and  structural  angle 
conditions  indicated  for  a 100,000-pound 
(45,400-kg)  crane.  Note  carefully  that  these  influence 
lines  apply  only  for  stress  at  x = 19.5  feet  (5.94  m). 
Stresses  due  to  the  weight  of  the  1 30,000-pound 
(59,000-kg)  causeway  structure  are  given  in  Figure 
A-5.  This  is  a stress  diagram  — not  an  influence  line. 


•a  node  is  where  two  or  more  elements  intersect. 
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Stress  (psi) 


Table  A-l . Comparison  of  Critical  Stresses  from  1 (K),(X)0-Pounu  (45,4()0-kg)  Crane 


STRUCTURAL  TESTS 

Load  tests  of  the  eauseway  structure  were  eon- 
ducted  concurrently  with  the  development  tests  of 
the  causeway  jack-up  system.  During  the  Phase  I tests 
at  Point  Mugu,  two  causeway  sections  were  selected 
for  strain  gaging  — one  section  with  internal  spudwell 
supports  and  one  section  with  external  spudwell 
supports.  Test  loads  were  simulated  on  the  finite 
element  computer  model  to  develop  stress  data  to 
guide  the  placement  of  strain  gages  on  the  causeway 
structures.  Correlation  of  the  test  results  with 
analytical  methods  can  determine  the  accuracy  of  the 
analytical  models. 

During  the  Phase  II  tests  at  Coronado,  California, 
limited  strain  gage  testing  was  conducted.  The 
primary  objective  of  monitoring  stresses  was  to  check 
critical  stress  points.  The  transition  length  of  the 
causeway  was  subjected  to  a 1 50,00()-pound 
(68,()00-kg)  crane  compared  to  a 100,000-pound 
(45,400-kg)  crane  in  the  Phase  I tests.  The  entire 
five-section  transition  length  was  made  up  of  standard 
causeway  sections  previously  used  as  floating  cause- 
ways. The  only  modifications  to  the  standard 
causeways  were  reinforcements  to  the  cau.seway 
angles  where  external  spudwells  were  attached.  The 
effectiveness  of  special  reinforcements  and  pile 
locations  on  the  crane  platform  was  measured  by  two 
strain  gages.  Loads  up  to  90,000  pounds  (40,800  kg) 
on  crane  outriggers  were  predicted  when  handling 
20-ton  (18-Mg)  containers  over  the  side  of  the  pier. 

Test  Equipment 

The  effects  of  known  loads  on  the  causeways 
were  measured  with  strain  gages  and  an  engineer’s 
level.  The  engineer’s  level  was  used  to  measure 
deflections  of  the  causeway  with  an  accuracy  of 
1/100  of  a foot  (0.00305  m).  Weldable  electrical 
strain  gages*  were  used  to  measure  strains.  I'igure  A-6 
shows  the  installation  of  a weldable  strain  gage.  The 
initial  high  cost  of  weldahle  gages  was  more  than 
compensated  for  by  the  labor  and  time  saved  during 
installation,  plus  the  additional  reliability  factor  of  a 
factory -scaled  gage. 


Thirty-three  gages  were  installed  on  the  structural 
angles  of  the  two  selected  causeway  sections  at  the 
Phase  1 tests.  A direct-reading 
Bald win-Lima-llamilton  strain  indicator  with  a 
manual  switching  unit  was  used  to  monitor  load- 
induced  strains,  The  measurement  circuitry  consisted 
of  a quarter-bridge,  three-wire  arrangement  with  the 
compensating  gage  at  the  indicator.  Strains  were  read 
and  recorded  manually  for  each  load  condition. 

Three  strain  gages  were  applied  to  the  causeway 
sections  for  the  Phase  II  tests.  Strains  were  recorded 
through  a magnetic  tape  data  monitoring  system. 
Continuous  strain  output  was  transcribed  on  a strip 
chart  tor  data  reduction.  Strip  chart  data  were 
available  for  immediate  analysis  at  the  test  site. 

Description  of  Tests 

The  Phase  1 test  program  was  designed  to 
compare  stresses  calculated  analytically  with  stresses 
(from  strains)  measured  in  the  field.  Test  loads  were 
chosen  to  generate  causeway  stresses  that  could  be 
measured  by  strain  gages.  It  was  not  within  the  scope 
of  the  test  program  to  conduct  a complete  stress- 
strain  measurement  analysis  of  the  pontoon 
causeway. 

To  apply  loads  to  the  causeway  sections,  a 
concrete  block  (Tigure  A-7)  weighing  30,000  pounds 
(13,600  kg),  a bulldo/.er  weighing  66,800  pounds 
(45,400  kg),  and  a wheel-mounted  crane  weighing 
100,000  pounds  (45,400  kg)  were  placed  at  different 
locations,  l-igure  A-8  shows  the  dozer  and  crane 
during  elevating  tests.  With  the  center  of  gravity 
known  for  each  load,  it  was  possible  to  control  the 
load  “seen”  by  the  causeway  through  placement  and 
blocking  procedures.  The  crane  was  the  most  versatile 
load  mechanism.  With  the  boom  over  the  rear,  the 
crane  distributed  60,000  pounds  (27,200  kg)  to  the 
rear  wheels  and  40,000  pounds  (18,100  kg)  to  the 
front  wheels.  By  rotating  the  boom  to  the  front 
position,  the  load  distribution  becomes  80,000 
pounds  (36,300  kg)  and  20,000  pounds  (9,100  kg)  to 
the  rear  and  front  wheels,  respectively.  Jacked  up  on 
outriggers,  the  rear  outriggers  take  31,000  pounds 
(14,100  kg)  and  the  front,  69,000  pounds  (31,300 


‘Weldable  gages  can  be  completely  installed  in  1 5 to  30  minutes.  The  commercially  available  gages  come 
pre-wired  and  waterproofed,  and  require  only  that  the  lead  wires  be  distributed  and  connected  into 
strain-recording  equipment,  field  installation  of  weldable  gages  requires  only  a surface  grinder,  a small 
portable  generator,  and  a capacitive  discharge  spot  welder. 
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Figure  A-6.  Field  installation  of  weldable  strain  gage. 


kg).  Each  causeway  section  was  loaded  with  eight 
block  positions,  four  dozer  positions,  and  eight  crane 
positions.  The  crane  was  moved  from  end  to  end  of 
the  causeway  to  measure  the  variation  of  stress  at  a 
point.  Selected  loadings  are  designated  in  Table  A-2. 

One  causeway  section  supported  by  external 
spudwells  and  one  by  internal  spudwells  were  strain- 
gaged  so  that  strains  from  similar  loads  could  be 
compared.  Strain  gages  were  applied  to  each  section 
in  geometrically  corresponding  locations  (Figure 
A-9).  Also,  critical  members  of  the  internal  and 
external  spudwells  were  strain-gaged. 

For  the  Coronado  tests,  one  gage  was  installed  on 
the  causeway  nearest  the  beach  and  two  gages  on  the 
crane  platform.  The  section  near  the  beach  was 
instrumented  between  the  third  and  fourth  pontoons 
from  the  end.  The  strain  gages  on  the  crane  platform 
were  installed  to  measure  the  effectiveness  of  the 
crane  reinforcement.  One  gage  was  applied  to  the 
reinforced  angle  and  the  other  adjacent  to  the 
internal  spudwell  subjected  to  the  greatest  loads. 

Few  formal  tests  were  conducted  at  Coronado. 
The  first  mounting  of  the  100,000-pound  (45,400-kg) 


crane  on  the  elevated  causeway  was  monitored,  and 
the  results  were  examined  to  ascertain  the  safety  of 
driving  the  150,000-pound  (68,000-kg)  crane  onto 
the  causeway.  Preliminary  results  indicated  that  it 
was  safe  to  proceed.  Twenty-six  thousand  pounds 
( 1 1 ,800  kg)  of  counterweight  were  removed  when  the 
big  crane  first  drove  onto  the  causeway,  making  the 
weight  124,000  pounds  (56,200  kg).  An  interesting 
sidelight  developed  during  the  tests.  The  beached 
section  was  partly  underwater  at  extreme  high  tide, 
and  the  variation  of  wave  pressure  on  the  bottom  of 
the  causeway  caused  significant  stresses  in  the  cause- 
way angles. 

The  gages  on  the  crane  platform  were  monitored 
as  the  big  crane  maneuvered  into  position  for 
container  off-loading  and  as  it  handled  20-ton 
(18-Mg)  containers.  As  a special  test,  the  crane  was 
rotated  360  degrees  at  90-degree  increments.  This  test 
was  conducted  with  no  load  and  with  a 20-ton 
(18-Mg)  container  on  the  hook.  The  26,000-pound 
(11,800-kg)  counterweight  was  not  removed  for  the 
crane’s  departure. 
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Figure  A-8.  A bulldozer  and  crane,  weighing  66,800  and  100,000  pounds  (30,480  and  45,630  kg), 
respectively,  were  used  to  load  the  strain-gaged  eauseway  structure. 


Figure  A-9.  Strain  gage  locations  for  causeways  with  internal  and  external  spudwells. 


Tabic  A-2.  Test  Load  Cases  Used  to  Present  Stress  Data 


Note;  1 kip  * 454  kg 

33.4  kips  1ft  =0.3m  33.4  kips 


1.  Dozer  on  blocks.  2.  Dozer  on  blocks. 


33.4  kips  33.4  kips 


3.  I>ozcr  on  blocks.  4.  Dozer  on  blocks. 


5.  Crane  on  wheels.  6.  Crane  on  wheels. 


31  kips  69  kips 


7.  Crane  on  outriggers. 


Test  Results 


I'able  A-3  is  a summary  of  stresses  at  seven 
selected  locations  on  the  causeway  structure  for  seven 
different  loadings.  These  locations  were  chosen  as 
being  the  most  representative  of  the  gaged  locations. 
The  table  presents  stresses  for  the  same  point  derived 
from  four  independent  sources  — two  experimental 
and  two  theoretical  — to  permit  direct  comparison 
between  the  methods.  The  theoretical  stresses  were 
computed  by  the  finite  element  model  and  by  beam 
theory  modified  to  account  for  shear  stresses  across 
the  openings  between  pontoons. 

It  may  be  seen  that  the  stresses  compare  rea- 
sonably well,  with  only  a few  isolated  instances  where 
significant  differences  occur,  l-or  example,  the  finite 
element  model  stresses  differ  considerably  from  the 
experimental  and  modified  beam  theory  stresses 
where  strain  gage  seven  is  located.  In  general,  the 
modified  beam  theory  seems  to  follow  the  trends  of 
the  experimental  data  better  than  the  finite  element 
model. 

A statistical  comparison  between  pairs  of  stresses 
was  made.  The  approach  taken  was  to  compare  the 
differences  between  stresses  derived  from  two  tech- 
niques. For  example,  strain  gage  5 for  load  case  4 
reads  -4.080  psi  (-28,131  kPa)  for  extcrnal-spudwell- 
supported  tests  and  -4,514  psi  (-31,124  kPa) 
calculated  by  modified  beam  theory.  The  difference 
is  434  psi  (2,992  kPa).  By  accumulating  such  differ- 
ences for  each  load  case  and  performing  some  basic 
statistical  mathematics.  Table  A-4  was  developed.  The 
standard  deviation  was  computed  according  to  the 
following  formula: 


Standard  Deviation 


(Stress  2j  - Stress  Ij)^ 
no.  of  measurements,  n 


1/2 


Average  differences  were  computed  as  follows: 


Average  Difference 


E 

i=I 


(Stress  2j  - Stress  Ij) 
no.  of  measurements,  n 


The  median  is  simply  the  middle  value  of  all  the  seven 
differences  considered. 

The  statistical  meaning  of  the  standard  deviation 
says  that  68  percent  of  the  measurements  lie  within 


one  standard  deviation;  therefore,  the  smaller  the 
number,  the  closer  the  comparison.  When  comparing 
the  theoretical  results  with  experimental  data,  one 
assumes  the  experimental  data  to  be  reasonably  valid. 
There  is  a significant  degree  of  consistency  to  the 
experimental  stress  data,  and  the  statistical  analysis 
indicates  a clear  advantage  for  the  modified  beam 
theory. 

Table  A-4  is  divided  between  load  cases  to 
indicate  how  well  stresses  correlate  within  each  load 
pattern.  Interestingly,  the  greatest  variations  occur 
where  the  load  is  applied  in  the  vicinity  of  the  strain 
gages,  as  in  load  cases  2 and  5.  Apparently  local 
stresses,  which  are  not  considered  in  the  theoretical 
methods,  are  responsible  for  this  condition. 

The  measured  stress  variation  at  the  opening 
between  the  fourth  and  fifth  pontoons  as  the 
I00,00()-pound  (45,400-kg)  crane  moved  from  one 
end  to  the  other  end  of  the  causeway  with  external 
spudwells  is  shown  in  Figure  A-10.  For  comparative 
purposes  the  computer  model  and  the  modified  beam 
theory  stresses  are  shown  on  the  same  plot.  In  effect, 
this  graph  can  be  interpreted  as  an  influence  line  for 
stress,  using  a crane  load  instead  of  a unit  load.  Figure 
A-1 1 shows  a similar  plot  of  the  maximum  stress 
between  pontoons  3 and  4 for  a 150,000-pound 
(68,000-kg)  crane  measured  during  the  Phase  II  tests. 
The  failure  criterion  (defined  later)  indicates  a safety 
factor  of  2.8  for  this  loading  based  on  maximum 
measured  stresses. 

Stresses  along  the  length  of  a causeway  angle  due 
to  a 100,000-pound  (48,500-kg)  crane  near  midspan 
are  shown  in  Figure  A-1 2.  Note  the  extreme  variation 
of  stresses  over  the  openings  between  pontoons. 
Vertical  shears  arc  responsible  for  this  effect.  The 
finite  element  stresses  fluctuate  more  than  the 
modified  beam  theory  stresses,  but  the  measured  and 
computed  stresses  exhibit  similar  patterns,  tlicrcby 
verifying  the  structural  behavior.  Table  A-5  compares 
the  measured  stresses  in  the  back-to-back  causeway 
angles  for  different  loads.  Both  theoretical  models 
assume  equal  stresses  in  these  angles. 

Deflections  of  the  causeway  structure  loaded  by 
the  crane  were  measured  with  an  engineer's  level.  A 
grid  of  deflection  was  read  to  determine  deflections 
across  as  well  as  lengthwise  of  the  causeway.  The 
engineer’s  level  lacked  the  precision  to  detect  the 
small  deflections  across  the  causeway,  but  the 
lengthwise  deflections  due  to  the  100,00{)-pound 


Table  A-3.  Summary  of  Stresses  for  Dozer  and  Crane  Loadings 
Kxperimental  and  Theoretical 


Load 

Case^ 

Data  Source* 

Stress  (psi) 

at  Strain  — 

4 

5 

6 

7 

8 

10 

1 

Exp  (IS) 

1,920 

-420 

2,460 

1,620 

1,020 

0 

1,410 

Exp  (ES) 

3,240 

- 

1,470 

1,960 

1,350 

0 

1,590 

Theo  - FE  (ES) 

1,939 

-939 

1,319 

1,438 

920 

375 

1,141 

Theo  - MBT 

1,864 

1,041 

2,184 

2,213 

1,399 

1.731 

1,545 

2 

Exp  (IS) 

-3,270 

-5,700 

0 

2,550 

-1,950 

-2,760 

-690 

Exp  (ES) 

-1,410 

-5,280 

120 

2,910 

-2,250 

-2,520 

-1,660 

Theo  - FE  (ES) 

-1,072 

-4,085 

811 

1,317 

-3,801 

-354 

-1,510 

Theo  - MBT 

-3,314 

-8,238 

-103 

3,475 

-4,660 

-1,988 

-886 

3 

Exp  (IS) 

-2,190 

-5,100 

1,290 

3,060 

-3,900 

-5,940 

-3  30 

Exp (ES) 

-1,680 

-5,310 

570 

1,940 

-2,910 

-6,630 

-600 

Theo  - FE  (ES) 

-826 

-4,971 

1,785 

304 

-3,310 

-2,843 

1,572 

Theo  - MBT 

-2,636 

-6,252 

287 

2,193 

-3,385 

-7,743 

-1,210 

4 

Exp  (IS) 

-1,410 

-3,030 

810 

3,390 

-2,760 

-3,870 

-240 

Exp (ES) 

-1,080 

-4,080 

420 

2,420 

-2,190 

-5,100 

0 

Theo  — FE  (ES) 

-554 

-3,731 

1,414 

271 

-2,395 

-2,613 

6?2 

Theo  - MBT 

-1,960 

-4,514 

485 

2,675 

-2,298 

-5,637 

-658 

5 

Exp  (IS) 

-2,520 

-13,800 

1,590 

3,330 

-2,460 

-2,880 

-840 

Exp (ES) 

-2,790 

-8,280 

1,530 

5,760 

-2,580 

-4,200 

-1,020 

Theo  - FE  (ES) 

-1,500 

-6,473 

1,760 

1,753 

-5,870 

-1,327 

-2,008 

Theo  - MBT 

-4,588 

-9,601 

1,794 

2,641 

-2,968 

4,400 

-4,595 

6 

Exp  (IS) 

-4,380 

-7,890 

1,620 

4,230 

-4,770 

-8,430 

-916 

Exp (ES) 

1,140 

-5,340 

450 

5,120 

-2,730 

-6,720 

■270 

Theo  - FE  (ES) 

-720 

-4,850 

1,838 

352 

-3,114 

-3,397 

900 

Theo  - MBT 

-2,690 

6,066 

705 

4.158 

-3,107 

-7,566 

-846 

7 

Exp  (IS) 

-2,250 

7,380 

1,920 

4,260 

-4,500 

-8,880 

-922 

Exp (ES) 

-1,680 

-6,360 

690 

5,190 

-2,790 

-8,190 

-300 

Theo  -FE  (ES) 

-709 

-5,255 

1 ,904 

368 

-3,227 

-4,445 

887 

Theo  - MBT 

-2,690 

-6,127 

704 

3,710 

-3,122 

-7,700 

-878 

‘’See  Table  A-2  for  description  of  load  case. 

^IS  = internal  spudwell;  ES  = external  spudwcll;  FE  = finite  clement; 
MBT  = modified  beam  theory. 

1 psi  = 6.9  kPa. 

“^See  Figure  A-9  for  location  of  strain  gages. 


Tabic  A'4.  Statistical  Comparisons  of  Stress  Data  from  Table  A-3 


Comparison 

of 

Data  Source^ 

Statistical 

Derivation 

Stress  (psi)^  for  Load  Case^  ■ 

- 

Totals  for 
All  Load 
Cases  (psi) 

> 

2 

3 

4 

5 

6 

7 

Kxp  (KS)  to  .MBT 

Median 

484 

565 

610 

537 

1,321 

490 

565 

Average 

528 

1,338 

662 

420 

1,523 

591 

831 

Standard  Deviation 

708 

1,666 

735 

502 

1,991 

751 

1,154 

Exp  (ES)  to  FE 

Median 

450 

1,195 

1,215 

672 

1,807 

1,170 

1,187 

1,187 

Average 

538 

1,135 

1,647 

1,054 

2,069 

1,711 

1,926 

1,440 

Standard  Deviation 

647 

1,300 

2,042 

1,345 

2,423 

2,329 

2,464 

1,907 

Exp  (ES)  to  MBT 

Median 

379 

772 

867 

550 

1,520 

864 

1,180 

864 

Average 

362 

1,085 

952 

817 

1.849 

1,014 

946 

1,004 

Standard  Deviation 

433 

1,484 

1,040 

973 

2,363 

1,227 

1,046 

1,342 

Exp  (IS)  to  FE 

Median 

269 

1,615 

1,364 

856 

1,553 

3,040 

1,809 

1,615 

Average 

372 

1,562 

1,330 

1,116 

2,318 

2.757 

2,156 

1,659 

Standard  Deviation 

511 

1,669 

1,823 

1,407 

3,221 

3,142 

2,580 

2,244 

FE  to  MBT 

Median 

365 

1,634 

1.889 

1,330 

2,902 

1,216 

1,765 

1,634 

Average 

679 

1,842 

2,034 

1,235 

2,243 

2,007 

1,789 

1,690 

Standard  Deviation 

876 

2,173 

2,464 

1,697 

2,526 

2,437 

2,105 

2,111 

Exp  (IS)  to  Exp  (ES) 

Median 

340 

360 

690 

570 

270 

1,710 

930 

570 

Average 

527 

647 

485 

1.414 

1.749 

900 

915 

Standard  Deviation 

705 

882 

580 

2,338 

1,952 

1,037 

1,340 

^ES  = external  spudwell;  IS  = internal  spudwell;  FE  =;  finite  element;  MBT  = modified  beam  theory, 
f psi  = 6.9  kPa. 

^See  Table  A-2  for  description  of  load  case. 


(45,800-kg)  crane  are  shown  in  Figure  A-13.  The 
measured  deflections  compare  favorably  with  the 
conventional  beam  theory  data;  however,  the  general 
shape  of  the  experimental  deflection  curve  suggests 
the  end  of  the  causeway  is  restrained  by  the  adjacent 
causeway.  This  condition  is  possible  since  the  two 
causeways  are  interlocked  by  end  connectors.  Most 
I importantly  is  the  fact  that  the  magnitudes  are 

f similar,  which  probably  means  the  beam  theory  pre- 

I dictions  are  pretty  good. 

f The  critical  members  in  the  internal  and  external 

i spudwells  were  strain-gaged  to  determine  load 

! capacities.  The  test  results  are  reported  in  the  spud- 

1 well  section  of  this  report. 

[The  crane  platform  was  strain-gaged  in  two  loca- 
tions. One  gage  measured  the  strains  in  the  reinforced 
! angle,  and  the  other  one  measured  the  strains  at  a 


location  near  the  center  spudwell.  The  gage  on  the 
reinforced  angle  received  very  little  strain,  because 
the  outrigger  was  positioned  between  two  piles  so 
that  the  load  went  directly  into  the  piles.  The  gage 
near  the  center  spudwell  measured  stresses  approach- 
ing 5,000  psi  (35,000  kPa).  The  largest  stresses 
occurred  when  the  crane  transferred  from  outriggers 
to  wheels,  which  indicates  most  of  the  outrigger  load 
went  directly  into  the  pile. 

MODIFIED  BEAM  THEORY 

The  stress  data  compiled  from  the  strain  gages  did 
not  correlate  with  the  finite  element  model  in  some 
cases.  Unusual  stress  patterns  caused  by  structural  dis- 
continuities made  it  difficult  to  distinguish  between 
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Stress  (psi) 


Note;  1 osi  = 6.9  kPa 
1 kip  454  kg 


Figure  A-11.  Stress  influence  line  for  P&H  8100  crane  on  causeway  with  6-inch  (15.5-cm) 
angles  and  four-pile  supports. 


experimental  error  and  modeling  error  when  com- 
paring like-load  stresses.  Two  apparent  reasons  for 
variable  stresses  are  (1)  local  stresses  due  to  point 
loads,  and  (2)  the  degree  of  restraint  offered  by  the 
piles  in  the  spudwells.  Consequently,  it  was  decided 
to  re-examine  the  beam  theory  as  a prediction  tech- 
nique. The  finite  element  model  had  provided  insight 
into  the  flow  of  forces,  shears,  and  moments  in  the 
causeway  structure.  A simplified  analysis  based  on 
external  beam  shears  and  moments  was  developed  to 
compare  experimental  and  finite  clement  results. 

The  logical  approach  was  to  begin  with  the  basic 
beam  theory  where  stresses  are  constant  at  a given 
distance  from  the  neutral  axis  at  each  cross  section. 
The  finite  element  study  showed  that  external  shear, 
V,  induces  a local  bending  moment  in  the  angles  at 


the  9-inch  (23-cm)  openings  between  pontoons.  This 
local  bending  moment  phenomenon  was  analyzed. 
Figure  A-14a  shows  a cross  section  at  the  9-inch 
(23-cm)  opening  resisting  pure  moment,  while  Figure 
A-14b  shows  the  same  section  resisting  pure  shear. 
The  open  section  is  efficient  for  resisting  moments, 
hut  inefficient  for  shears. 

Figure  A-15  shows  the  probable  effect  of  a load, 
or  shear,  on  a single  angle  and  a model  of  the  con- 
nection. An  examination  of  the  restraint  offered  by 
the  elamping  action  of  the  bolts  and  plates  led  to  the 
“effective"  length,  S,  of  11.75  inehes  (0.30  m)  shown 
on  the  model.  Therefore,  the  moment,  m,  induced  in 
the  angles  at  the  ends  due  to  a shear  load,  v,  is 

m = v8/2  = 5.875  V (1) 
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Table  A-5.  Stresses  Measured  on  Back-to-Back  Structural  Angles  of  Causeway 


Lk 


Load  Case 

Measured  Stresses"  (psi) 

Internal  Spudwell 

External  Spudwell 

Cage  1 1 

Cage  6 

Cage  1 1 

Cage  6 

Rear  bogie  of  crane  on  end  pontoon 

1,830 

1,920 

1,830 

1,290 

Rear  bogie  of  crane  on  fourth  pontoon 

1,410 

2,700 

870 

1,530 

Rear  bogie  of  crane  on  eighth  pontoon 

780 

1,710 

180 

420 

Outriggers  of  crane  on  pontoons  5 and  8 

900 

1,500 

0 

390 

Outriggers  of  crane  on  pontoons  7 and  10 

750 

1,920 

780 

690 

Dozer  on  end  pontoon 

1,260 

2,460 

1,440 

1,470 

Dozer  on  fourth  pontoon 

570 

0 

120 

120 

Dozer  on  sixth  pontoon 

450 

1,290 

390 

570 

Dozer  on  eighth  pontoon 

240 

810 

140 

420 

rof 


edge  of 


causeway 


' 1 psi  = 6.9  kPa. 


Again,  assuming  that  beam  theory  applies,  the  shear  is 
divided  equally  among  the  12  angles  at  a given  cause- 
way cross  section.  The  total  external  shear  is  the  sum 
of  the  shears  in  each  angle  and  is  related  to  the 
external  shear  as 


fu  = ^ 


(4) 


12 


(2) 


where  S is  the  section  modulus  of  a 6 x 6 x 1 /2-inch 
(15.5  X 15.5  X 1.27-cm)  angle.  Now,  the  local 
bending  stress,  f(,,  indueed  in  the  angle  by  shear  is 
given  by 


0.489  V 


Combining  Kquations  1 and  2 gives 
m = 5.875^-^^  = 0. 

The  elastic  stress,  fj,,  due  to  bending  of  the  angles  is 


'b,  = 


11.84Sin.^ 
0.489  V 


24.223 


(minimum  stress) 


(5) 


1.489  V 


(3) 


9.419 


”1  4.606  in.^ 

where  f^  is  in  psi,  and  V is  in  pounds 


(maximum  stress) 
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The  total  stress  in  the  angle  is  the  algebraic  sum 
of  the  shear-induced  bending  stress  and  the  axial 
stress,  fj,  due  to  external  moment.  M.  As  shown  in 
l igure  A-14,  the  external  moment  is  resisted  by  the 
couple  formed  by  axial  forces  in  the  six  pairs  of  top 
and  bottom  causeway  angles  at  any  given  cross 
section.  The  axial  load,  p,  in  each  angle  is  related  to 
the  external  moment  as: 


P = Id 


sum  of  the  absolute  values  of  the  bending  and  axial 
stress,  or 


M 

V 

2,070 

* 9.419 

where  d = 60  inches  = angle  separation. 


* (6)  (60  in.>(S.7S  in.2) 

where  f,  is  in  psi,  and  M is  in  in. -lb. 

The  expressions  relating  angle  stresses  to  external 
moments  and  shears  have  been  developed.  There 
remains  the  task  of  combining  the  axial  stress  with 
the  local  bending  stresses.  Since  the  bending  stress  has 
a maximum  and  a minimum  value  at  each  point,  it  is 
necessary  to  consider  signs  of  external  moments  and 
shears  as  well  as  the  specific  location  where  tne  stress 
is  to  be  computed.  It  has  been  determined  that  the 
maximum  stresses  in  the  angles  do  indeed  occur  at 
the  point  where  the  angles  bolt  into  the  pontoons. 
Inspection  of  the  possible  stress  conditions  on  each 
side  of  the  9-inch  (23-cm)  opening  provided  the 
information  for  Table  A-6. 

Positive  external  moment  is  defined  as  the 
moment  that  eauses  compression  in  the  top  angles. 
Positive  external  shear  acts  upward  on  the  left  side  of 
a free-body  section.  The  location  of  a point  on  an 
angle  is  designated  by  subscripts  as  follows: 

l.orR  = left  or  right  side  of  opening 
T or  B = top  or  bottom  angle 
1 or  2 = toe  or  horizontal  leg  of  angle 

For  example,  ^bLBl  is  interpreted  as  the  shear- 
induced  bending  stress  on  the  left  side  of  the  toe  of 
the  bottom  angle.  Since  there  are  eight  different 
loeations,  eight  expressions  are  required  for 
combining  the  axial  and  bending  stresses  at  any  one 
9-inch  (23<m)  opening. 

I'rcqucntly,  the  maximum  stress  at  an  opening  is 
desired.  In  that  case,  the  stress  can  be  taken  as  the 


The  expressions  for  computing  stresses  in  the 
causeway  angles  are  easy  if  moments  and  shears  are 
known.  However,  the  calculation  of  moments  and 
shears  for  multiple  loads,  such  as  crane  wheels,  can  be 
a tedious  task;  therefore,  unit  load  influence  lines  for 
shears  and  moments  in  a four-pile-supported  cause- 
way are  given  in  Figures  A-16  and  A-17,  respectively. 
Influence  lines  have  been  drawn  for  each  opening  in 
the  causeway.  Openings  are  designated  by  their  loca- 
tion between  numbered  pontoons,  beginning  with 
pontoon  1 on  the  left.  Distances,  x,  are  measured 
from  the  left. 

Consider  an  example  of  the  use  of  the  influence 
lines.  Suppose  you  want  to  know  the  shear  and 
moment  at  the  opening  between  pontoons  3 and  4 
due  to  the  crane  loading  shown  earlier  (4U  kips  each 
at  X = 20  feet  and  x = 24.5  feet,  and  10  kips  each  at  x 
= 37  feet  and  x = 41.5  feet).  Referring  to  the 
influence  line  of  Figure  A-16  for  shear  3-4,  the  total 
shear  is  computed  as 

Vj.4  = 40(0.850)  f 40(0.785)  + 10(0.610) 

+ 10(0.545) 

« 76.95  kips  (34.9  Mg)  (10) 

Moments  are  calculated  from  the  influence  line  of 
Figure  A-17  for  moment  3-4  as  follows: 

Mj.4  = 40(6.60)  + 40(6.06)  + 10(4.59) 

■f  10(4.04) 

= 593  ft-kips  (804  kN-m)  (11) 

The  angle  stress  at  any  point  between  pontoons  3 and 
4 can  now  be  calculated  using  the  appropriate 
formula  in  Table  A-6.  The  maximum  stress  can  be 
calculated  by  liquation  9 as: 


593(12) 

2,070 


► - 11,600  psi  (80,000  kPa)  (12) 


• « .9  « 


r 


1 


Table  A-6.  Expressions  for  Combining  Stresses  in  6 x 6 x 0.5-Inch  (15.5  x 15.5  x 1.27-cm)  Causeway 
Angles  Due  to  External  Moments  and  Shears 


fb2 


Section  A-A 


^LTl 

= 

- ((M/2,070)  + (V/9.419)| 

fLT2 

= 

-(M/2,070)  + (V/24.223) 

*^RT1 

= 

-(M/2,070)  + (V/9.419) 

fRT2 

= 

- ((M/2,070)  + (V/24.223)! 

^LBl 

= 

(M/2,070)  + (V/9.419) 

*^LB2 

= 

(M/2,070)  - (V/24.223) 

*^RB1 

= 

(M/2,070) -(V/9.419) 

*^RB2 

= 

(M/2,070)  + (V/24.223) 

to  end  of  to  causeway 


LB  RB 


Typical  Causeway  Elevation 


; 

I 


and  the  dead  load  stress  is  given  in  Figure  A-5  as 
5,600  psi  (38,600  kPa)  for  a total  stress  of  17,200  psi 
(119,000  kPa).  This  figure  compares  to  18,700  psi 
(129,000  kPa)  for  the  finite  element  solution. 

Dead  load  stresses  were  not  measured  experi- 
mentally, but  the  crane  live  load  stresses  between 
pontoons  3 and  4 for  the  three  methods  are: 

Finite  element  ....  11,200  psi  (77,200  kPa) 

Modified  beam  theory  . . II  ,6(K)  psi  (80,000  kPa) 

F:xperimcntal  ....  8,300  psi  (57,200  kPa) 


In  short,  the  modified  beam  theory  provides  a 
convenient  tool  for  computing  stresses  in  the  cause- 
way angles.  The  influence  lines  of  Figures  A-16  and 
A- 17  provide  external  moments  and  shears  for 
multiple  loads.  With  the  moments  and  shears, 
■maximum  stresses  can  be  calculated  for  that  point 
with  Equation  9.  Beam  theory  assumes  that  the 
stresses  in  all  the  angles  at  equivalent  points  of  a cross 
section  arc  equal.  Although  this  assumption  may  be 
erroneous  in  the  elastic  stress  range,  the  extreme  case 
of  total  failure  probably  justifies  such  an  assumption. 
The  major  benefit  is  a relatively  simple  tool  that  can 
be  used  to  estimate  critical  stresses. 
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SAFETY  FACTORS  AND  FAILURE  CRITERIA 


To  determine  safety  factors  for  the  theoretical 
analysis,  it  is  necessary  to  establish  failure  criteria  for 
the  causeway  structure.  The  stresses  displayed  on  the 
influence  diagrams  are  the  maximum  stresses  that  act 
at  the  particular  cross  section.  There  is  a wide  range 
of  stress  levels  at  the  9-inch  (23-cm)  openings  of  the 
eauseway.  The  fact  that  one  angle  becomes  stressed 
beyond  yield  means  that  it  will  pass  some  of  its  load 
to  its  neighbor  and  so  on  until  all  angles  at  a cross 
section  have  yielded  to  form  a plastic  hinge  mech- 
anism. Consequently,  the  true  failure  load  does  not 
occur  at  the  time  the  angle  first  yields.  This  leads  us 
to  the  point  where  one  must  define  what  is  really 
meant  by  failure. 

True  failure  means  collapse  of  the  structure. 
1-igure  A-18  shows  a collapsed  mechanism.  At  this 
stage  the  angles  at  the  collapsed  section  have  totally 
yielded.  Figure  A-19  shows  an  angle  subjected  to  pure 
bending.  When  one  compares  the  moment  an  angle 
can  resist  at  first  yield  to  the  load  it  can  carry  with  a 
fully  yielded  cross  section,  it  is  shown  that  the  angle 
has  a reserve  capacity  of  mp/my  = 268  in. -kips/1 66 
in. -kips  = 1.61  or  about  60  percent  over  and  above 
the  yield  moment. 

One  now  computes  the  factor  of  safety  of  an 
angle  in  pure  bending  subjected  to  an  extreme  fiber 
stress  of  20,000  psi  (138,000  kPa).  The  moment 
capacity  of  the  angle  at  f = 20,000  psi  is 

^20,000  = fS  = 20,000  psi  X 4.61  in.^ 

(13) 

= 92.2  in.-kips(10.4kN-m) 

Now,  the  ultimate  factor  of  safety  is  given  by 
(ultimate  moment)/(applied  moment)  or 

,,  r 268  in.-kips  

I- actor  of  Safety  = = 2.91  (14) 

92.2  in.-kips 

The  causeway  angles  are  subjected  to  the  type  of 
bending  described  above  by  transverse  vertical  shear 
loads.  In  addition,  primary  bending  moments  applied 
to  the  causeway  induce  axial  loads  in  the  structural 
angles.  Therefore,  the  causeway  angles  are  subjected 
to  combined  axial  load,  shear,  and  bending,  as 
depicted  by  the  free-body  diagram  of  an  angle 
element  in  Figure  A-20.  In  Figure  A-20,  p is  the  axial 


load,  V is  the  transverse  load  (shear),  and  m is  the 
moment.  These  combined  forees,  which  arc  in 
equilibrium,  cause  failure  of  the  angle,  flow  does 
failure  occur?  Obviously,  an  axial  load  stress  (p/A) 
greater  than  yield  will  fail  the  angle.  Calculations 
indicate  that  shear  stress,  as  computed  by  classical 
methods,  is  less  critical  than  the  shear-induced 
moment  stresses;  therefore,  angle  failure  will  result 
from  combined  axial  and  bending  stresses.  As  shown 
previously,  pure  bending  failure  occurs  when  the 
section  is  fully  yielded.  The  combined  effect  of  axial 
load  and  bending  interaction  is  shown  in  Figure  A-21 
for  a 6 X 6 X 1/2-inch  (15.5  x 15.5  x 1.27-cm) 
structural  angle.  Note  that  the  moment  and  axial 
loads  are  translated  to  stress  by  applying  the 
properties  of  the  angle.  Moment  stresses  greater  than 
yield  are  fictitious,  but  indicate  the  elastic  stress  level 
that  would  be  required  to  develop  the  plastic 
moment.  Examination  of  the  interaction  diagram 
indicates  that  the  plastic  moment  (true  failure) 
exceeds  the  first  yield  moment  (frequently  throught 
of  as  failure)  by  60  percent.  For  subsequent 
references  to  failure  of  the  causeway  structure  see  the 
plastic  criterion  in  Figure  A-21.  The  exact  safety 
factor  will  vary  from  1.6  to  2.9  according  to  the  rela- 
tive magnitude  of  applied  moments  and  shears. 

The  criteria  established  for  a single  angle  can  be 
extrapolated  to  the  entire  causeway  structure.  Figure 
A-22  shows  the  results  of  such  an  extrapolation, 
where  the  interaction  diagram  is  expressed  in  terms  of 
the  external  moments  and  shears  acting  on  the  cause- 
way. Consider  an  example  where  the  external 
moment  is  2,000  ft-kips  (2,7  MN-m).  Using  the 
failure  criterion  described  above,  the  shear  could  be 
as  high  as  370  kips  (167,800  kg),  compared  to  190 
kips  (86,200  kg)  for  the  yield  criterion,  and  65  kips 
(29,500  kg)  for  the  allowable  criterion.  Since 
combined  bending  and  axial  loads  cause  failure  before 
shear,  the  failure  criterion  should  be  based  on 
bending  plus  axial  stresses  as  described  above. 

STRUCTURAL  CONSIDERATIONS  FOR  A CRANE 
PLATFORM 

Usually  a crane  is  designed  so  that  each  dual 
wheel  supports  about  20,000  to  25,000  pounds 
(9,100  to  n,3(X)  kg).  There  are  some  cases,  such  .-is 
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angles  completely  yielded 


Figure  A-18.  Collapse  mechanism  for  an  elevated  causeway. 


Note:  1 in.  = 2.5  cm 
1 kip  = 454  kg 


Angle  Cross  Section  First  Yield  Fully  Yielded 

my  = fySjj  ^ “ (fy)  (4.32  X 0.5)  (d) 

= 36.40(4.61)  " (77.76  kips)  (3.45  in.) 

= 166in.-kips  = 268in.-kips 

Figure  A-19.  Elastic  (first  yield)  and  fully  yielded  stress  blocks  for  a structural  angle. 


Note:  1 in.  » 2.5  cm 


Figure  A-20.  Free-body  diagram  of  a section  of  causeway  angle  between  adjacent  pontoons. 
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Axial  Stress  (ksi) 


Figure  A-2I.  Axial  load  and  bending  moment  interaction  fora  6 x 6 x 1/2 -inch 
<15.5  X 15.5  X 1.27<m)  structural  angle. 

the  P&H  6250-TC,  where  each  rear  dual  supports  were  designed  to  transfer  loads  up  to  1 50,000  pounds 

more  than  40,000  pounds  (18,100  kg).  When  a crane  (68,000  kg)  into  the  vertical  walls  of  the  pontoons.  A 

is  handling  loads,  it  operates  with  outrigger  supports  load  introduced  into  a pontoon  must  then  be  trans- 

to  provide  greater  stability  from  ovenurning.  The  ferred  into  the  structural  angle  system  as  depicted  in 

overturning  moments  of  a container  load  (40,000  Figure  A-23.  This  capacity,  estimated  at  about 

pounds  (18,100  kg)l  at  50  feet  (15.2  m)  coupled  180,000  pounds  (81 ,700  kg),  applies  to  both  internal 

with  the  weight  of  the  crane  (150,000  pounds  and  external  spudwells.  Finally,  moments  and  shears 

(68,000  kg) I can  develop  reactions  greater  than  generated  by  primary  loadings,  such  as  shown  in 

100,000  pounds  (45,400  kg)  on  one  outrigger.  These  Figure  A-23,  must  be  resisted  by  the  structure, 

loads  must  be  transmitted  through  the  causeway  It  was  apparent  that  the  crane  platform  would 

structure  into  the  supporting  piles.  have  to  be  supported  by  more  than  four  piles.  The 

Figure  A-23  indicates  different  ways  that  applied  crane  outrigger  reactions  plus  the  causeway  weight 

loads  can  limit  the  causeway  capacity.  The  first  could  exceed  the  spudwcll  design  load.  A six-pile 

problem  is  to  spread  the  outrigger  load  so  that  it  can  crane  platform  was  planned;  however,  the  combina- 

be  taken  into  the  pontoons.  During  the  Phase  II  tests  tion  of  outrigger  reactions  and  causeway  deadweight 

a built-up  float  of  12  x 12-inch  (30.5  x 30.5-cm)  approaches  the  design  capacity  of  the  center 

timbers,  shown  in  Figure  A-24,  was  used.  The  floats  spudwells.  The  external  spudwells  that  retain  the 
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Primal-  Pending  Moment  (ft-kips) 

Figure  A-22.  Interaction  diagram  for  external  bending  moment  and  shear  loads  on  causeway 
structure  vdth  6-inch  (IS. 5 -cm)  angles. 

fender  piles  are  not  highly  loaded  most  of  the  time.  Additional  support  members  for  the  crane  plat- 
so  they  could  be  used  as  a secondaiy  support  to  form  do  not  reduce  the  shear  requirements  of  the 

double  the  load  capacity  at  the  outside  edge  of  the  structural  angles.  The  angles  must  be  capable  of  trans- 
platform. This  setup  was  used  in  Coronado;  the  plat-  ferring  loads  to  the  extra  spudwells,  or  the  spudwclls 

form  support  arrangement  can  be  seen  m Figure  12.  are  of  no  value.  To  increase  the  shear  capacity  of  the 

Using  fender  piles  as  the  only  support  at  the  edge  of  crane  platform,  the  exterior  angles  of  the  crane  plat- 

the  platform  could  result  in  collapse  of  the  platform  form  were  reinforced,  as  shown  in  Figure  A-25,  for 

if  accidental  mooring  loads  failed  the  fender  piles,  the  Phase  II  tests.  The  addition  of  this  plate  increases 

However,  if  they  were  used  only  as  secondary  the  capacity  of  the  angles  to  transfer  shear  across  the 

supports,  their  failure  would  not  lead  to  collapse  of  9-inch  (23-cm)  opening  by  more  than  four  times; 

the  causeway  structure.  however,  it  does  not  increase  the  capacity  to  transfer 

loads  from  pontoons  to  angles. 
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footprint  pressure  = 75  psi  (517  kPa) 


(either  deck  plating  between  internal 
stiffeners  or  the  internal  stiffeners) 


(b)  Spudwell  loads  may  exceed  the  capacity  to  transfer 
loads  to  the  structural  angle  system. 


Primary  Loads 

(c)  Heavy  vehicle  loads  may  exceed  the  capacity 
of  the  structure  to  resist  external  moments 
and  shears. 

Figure  A-23.  Types  of  loads  that  limit  the  load  capacity  of  the  elevated  causeway. 
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The  capacity  of  the  causeway  to  resist  primary 
loads  from  vehicles  is  limited  by  the  structural  angles. 
The  standard  causeway  with  6 x6x  1/2-inch 
(15.5  X 15.5  X 1.27-cm)  angles  can  handle  207,000 
pounds  (93,895  kg)  pure  shear  and  3,795,000  foot- 
pounds (5.1  MN-m)  pure  moment.  Pure  shear  or  pure 
moment  capacity  is  reduced  by  interaction  of  the 
two.  The  primary  load  capacity  of  the  elevated  cause- 
way can  be  increased  by  using  8 x8x  1/2-inch 
(20.3  X 20.3  X 1.27-cm)  angles  in  place  of  the 
standard  6-inch  (15.5-cm)  size.  The  moment  capacity 
is  increased  by  35  percent,  and  the  shear  capacity  by 
83  percent. 

It  is  possible  to  exercise  some  degree  of  control 
over  the  external  moment  and  shears  by  proper 
selection  of  support  locations,  i.e.,  where  the 
spudwells  will  be  located.  For  all  practical  purposes, 
it  is  satisfactory  to  consider  the  piling  as  simple 
supports  that  offer  little  restraint  to  the  causeway 
because  the  causeway  is  much  stiffer  than  the  piles. 
Different  support  configurations  are  shown  in  Figure 
A-26.  For  comparison  purposes  assume  a total  load, 
p,  which  is  distributed  60  percent  to  the  rear  axle  and 
40  percent  to  the  front  axle,  of  a crane  whose  axles 
are  20  feet  (6  m)  on  centers.  Note  that  the  addition 
of  a support  at  the  center  of  the  70-foot  (21-m)  span 
reduces  moments  by  a factor  of  six,  but  does  not 
increase  the  shear.  Another  option  is  to  load  the 
crane  on  the  short  span  as  in  Figure  A-26c.  In  this  case 
the  moment  is  reduced  by  a factor  of  four,  but  the 
shear  increases  by  about  30  percent.  Still  another 
option  — and  possibly  the  best  way  to  go  — is  to  align 
the  spudwells  directly  beneath  the  crane  outriggers. 
By  locating  the  spudwells  under  the  outriggers,  the 
problem  is  reduced  to  transferring  the  outrigger 
reactions  from  the  spudwell  to  the  pile,  moments  and 
shears  disappear  as  indicated  by  Figure  A-26d. 
Practically,  the  spudwells  cannot  be  exactly  matched 
to  crane  outrigger  spacing,  but  they  can  be  close 
enough  to  make  it  a relatively  simple  design  to  trans- 
fer the  reactions.  A second  drawback  is  that  the  crane 
would  be  limited  to  that  specific  location.  More 
spudwells  could  be  installed  to  reduce  the  load  per 
spudwell. 


1 


If  a variable  crane  position  on  the  platform  is 
desired,  reinforcements  around  the  spudwell  arc 
required  to  upgrade  the  shear  transfer  capability.  The 
rated  capacity  of  each  spudwell  is  1 50,000  pounds 
(68,000  kg).  The  structure  must  be  capable  of 
transferring  the  loads  from  the  spudwell.  To 
accomplish  this,  minimum  structural  reinforcements 
similar  to  those  shown  in  Figure  14  should  be 
performed.  These  reinforcements  become  even  more 
critical  with  8 x 8 x 1 /2-inch  (20,3  x 20.3  x 1.27-cm) 
structural  angles  so  that  the  full  capacity  of  the  angles 
can  be  developed.  It  has  been  noted  that  there  are 
some  structural  inefficiencies  in  the  pontoon/angle 
system;  however,  the  structure  should  be  able  to 
redistribute  loads.  The  causeway  angles  in  tension  are 
likely  to  be  the  first  failure  point.  These 
reinforcements  will  not  increase  the  basic  strength  of 
the  causeway  structure,  but  will  effect  a more 
efficient  spudwell. 

In  summary,  the  outrigger  reactions  can  be  dis- 
tributed to  the  pontoon  deck  by  timber  floats,  similar 
to  those  used  during  Phase  II  tests.  Steel  beams  can 
be  used  if  clearances  are  critical.  The  major  limitation 
of  the  crane  platform  is  the  ability  of  tbc  spudwell  to 
transfer  very  large  pile  reactions  to  the  causeway 
structure.  It  was  shown  that  moments  and  shears  can 
be  controlled  to  some  degree  by  judicious  placement 
of  spudwells  and  crane  loads.  Shears,  which  are  the 
least  controllable,  remain  critical.  Three  approaches 
to  solving  the  pile  load  transfer  problem  were 
suggested  — spudwells  can  be  located  at  the  same 
spacing  as  the  crane  outriggers,  reinforcements 
around  the  spudwells  can  be  implemented,  or  more 
spudwells  can  be  added  to  reduce  the  load  each  spud- 
well receives. 
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Appendix  B 

DRAWINGS  FOR  SPUDWELLS  AND  PILE  CONNECTORS 

I 
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Figure  B-l.  Internal  spudwell.  ■ 

BEST  AVAIUBLE  COPY  I 

r' 

I 


j *»or  o#  — 

P rrr  W t4>« 

^4^  M C*MW  -\ 


' (flu/) 

//•Aa/Mr4MJ#  ^ /tji 

ZtPMXi  INW)-*  ^ 

O'  r n^- 

■ “'*7T\>*5nP  to# 


Mtjeeetf 
■ CkimU^SU 
*^ore  2 


r-*Vj  ” 


SeCTlON  A- A 

HOKm  0^<ohi 

(f)  4(oO  ^to*;AS  VOO 


Ptoro^evir' 

t4«6 


l0ACCi33 
MOLl  ^ 


SeCTlON  6-6 


-----  > 

• loi  ,<ar» 

L'*'Uro„  >' 

jc.»a~J  I I 

L‘i  _ '-«i  J, 


4a  3mt<rtA4i  j;xrx  5«4a  connum  to  Asm  >K.'*C«neM 

434  cy  MOST  HK£^  iSSut  (/«/35  0rVf4»W3f  NOTtC. 
ntf  4M4»#/3<X/3  t MAdOA  0$V.  COOf  X55.  mu.  'U«v/3*^  Tk«| 

4CiMr4  Crz/N6f4  (WCM  wtu.  <tow«  TmT  ^CIUOIMSiG 
CnAAACniU3ri<.i  • 

W#  • 7’00  - J'/.e 
i/MilX-  30* 

Om^rKh^to  3QCD0i33*3* 

Mcz/iCirD'tf  ' 4srto  oKoo 

iUHt  CAtL  OuTl  ■ MA7iOai3CaCAiff9 

mjedif  smu  ccf^AOAM  to  aih,- sro-An.  tth S .cjass  3a 

ANO  <y4Aoe  TOSfCA  aj). 

coot  L53  wxt  C3tTtai>4iNt  HAClMlsn  Ot  INJtAf^AL 

t*  exiSPNCi  3* IS  Of  4*/j  CAustmf.  (Atttnio 

OtAK  HANOOOOK  m.  eOU'^tMT  A-StAieS'  NAV^  •-AOl.) 

oAfiunNo  Ae»so**seL  >(«a.  smaho  *ia^z  ■^•^otA 

t**l  dRtC  tlOH  QA  coot  US  fOA  hUXiAAi  tni  4'#sac  ZZAvNfcriOfi 

OA  StMOweu.  AkATts  (oa)  t (oc)  10  ti^f  20  00  »4/^i4 

5ff  OerA/LA  C£l  CAVO  74-JS-A. 

COAAHeSS  7>^  AuUfA  CrUNtXA  ito40t/A«7’£tV'  J ’ T^tAte^ 

ir  JO  Aaovr  sooo* 

see  CtL  DW^  74-3S-'f  KIA  GtAJOfAL  CAkSemr 

ASSiMiLY. 

I 2 ^e»A60N  scbrrto  wr.  ?-4jvc  stMi  HN-imto  azal^q  as^ 


ek'O  4/3/-vr-0>5  (COLD  OAAp^) 


2 6AA  2 1 Is  1 7i  I 4/3/  >0l6  , TMO  ONt  INO 

Z (ATtsoto  moNCt  corn  A i*A’u.  sreec 

Z 6AAS->Ot 


Or 

2 

£4*  7 0 0 / 

Ou 

z 

Rite  /'ioo  0 2 

2a4rE5*/A/ 

-*1 

Z 

ciosto  ceu  Auttex 

4 

A<I4  6|«/  0 Hi 

bw 

2 

BAA  6>/  0 a 

bf 

2 

BAA  2*  5 77 

fr  ’ -t-  ''■**  ^-  -tM 

/Tl-tls  If 

IL  ^ 'I  .,1 

"‘^3’  ! 1 

lU  ' ■dr5.?\‘  7^^0  » V uli:  ' [ 


2 ^4 

Z 5AA  4*1 
4 BAAjj^^ 

Z 5>J 


fCXiACXAAtn  f»| 

(TfPi  to*)  - 


/ I -s  “ 

,'i^y  V i I 
V « fl  r /I ' / 


ou/  1 2 trvw  soo 


<OCl'  ' fOM)  / ' / n]  i 1 

*.'^’  VhI-'  Jjw 

■'"^  ASA  to«) 

SECTION  F-F  (AS5»OW'^)  ''1 

SECTION  G-G  (OPP  HAND)  f 

todi  M V J.^,  I 


^ <r>^(’a3j'0C(») 


car  2 *•<►“<•  4 ^ ‘ 

<X  2 

or)'  '’jNf' 'gj  2_’ 
<X  Oi  - '3  '/  ( 

' o* ^ C4»  '3  4_ 

^04 4 Cft-'J  / 

aq  4g  C4-/J 
Of  ^C4«'3  3 

ot  a oarT*  o 

_ 0^  ^ <1  ■ j»  4 

PC  2 «r*'7  |< 

00  ^ ’t4*4-4  7_ 

oo  /Xfjt'i -347  ]T 
• fAAMl  - /*/ 


/ 

TT 

CUT  to  HT  (bi) 

/ 

3A 

CUT  JO  Air  to*j 

0 

6 

Cl/7  jo  nr  roM  tof;  o*  to^* 

5 

i} 

0 

Oj 

6 

2 

ti 

5 

>0 

4 

6 

1 

4 

0 

7 

0 

JO 

0 

to 

0 

5 

0 

5 

3 

oi 

4 

OB 

4 

3 

4 

5j 

■»i/0  4r3<-Mr-y020fO0  V 

0 

2i  /O.  4<5/-M7-A0r5raXC  CMUmnJ 

0 

/ 

4 

JJ 

‘1 

2 

r 

2 

4 

4 

oi 

4 

JJ 

/ 

/ 

6ii 

3 

*4 

0 

3i 

45JV  4325.  -/M/f 

4 

lOl 

4 

XJ 

'*1  (bri 


^(kr. 


SECTION  H-H 


"uw™  I 

mu.  m mroML 


o-.-074_27.1p 
m iTMidii’  IB  < m«£k 
M « .•(oA 

-•»  •««  ****"**.. 


CIVIL  INr.lNtC»>NC  l*tOt*TO*V 
Nt  EQUIPMENT 

INfERNAu  5PU0'#Vllx 

roR 

NL  PQNTOQKJ  CAJbtMVAVS 


2‘fiAres/Pf 
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Figure  B-2.  External  tpydwell. 


BESn 


Nores 


Au  5r*c<n;<At  iTefL  ccNKtfM  rv  ^c.^'Cir/O'w 

4J6  MOST  MeUsT  05</f  t^LSii  OTmittinjU  NOTtD 
TMf  t ‘^»6at  DiV  cooe  Lit  »'*tt 

tfuAM*  C>L‘\X*  r»«<M  Kat  4cii<.^'>0 

0*M<»C’T«ijr/CS  • 

UU  - TOD  ■ J <0 
- 30' 

semjcriON  (B  jooooiAS'  5' 

i^O^iCATiON  • 45rii/-4><t?0(? 

(■i4^  CAlL-OLJT)  - ja4  *JOD‘3C.2Dii^i9 
«U«af«  JhAU.  CONKIM  TO  MU.-  570-4/7  TYflf  J (4455 
4^«C>  G«4CK  70S  /CM  r«j) 

coof  t5s  4flu.  at'fLfM  \e  ^4c/M/vr  <3^  i^towfa 

OV  /4/5r7/VC  j»'5  0»t.af*^r  r'CM  J«-5  C4t;V**4''  3#/ 

W«U»I  y-J  OF  ■POk'DOn  <iC44  mAf^OeoOX  *»  (,  f5c/»4*^\7 
• •V4.£s*  V4VCAC  4.40f  ) 

a»4*r/M»  4r45CA>ft  ..f^s  ../oc/  ^4f5  H4-!* 

y ccce  as  K*  --/cc^ki^c'o  ^ 54»;Af..  <t4**s  *«/ 

T ’’•f  ^ccc  »t  Vi  u£oeTi>.A  cfi.  « jc  '•' 

CO««»f55  ’"'•f  Ofc  NCe*  i ' 

WiQOvC  /7  TO  AXn,r  sooo  ». 

43  A»47  CM  TVf  tKtCTC^  ^^eOLUe  14  04''W  >4tf*<^5  V..S’-  3/ 

coNNfcrco  TO  c^-n)  aipcnt  rmg  Aft^-so  cfi  r-e  t.fc^  s^i>ec  ts 

MtWVOf^eO  i\  \OTS  5 S 4CC-M/1,*«-*C.  / 5 

firTSfMfty  A4«0<TT4/^r  %i7  r>,5  <fSL4r70>^SH,0  0^  7X  S"4C<*/ 

« *fO^-544<^C  -ff  ss  45  X>WV  Ar  £«n  t f K'  04««  T 

af  4flta  re  oscQAAfcr  r**f  5^4c<ri/5  arw  ^ 4>cf  .5 
wsLoeo  70  Tue  stijOAeo, . 

set  CtL  CHC  W-ir-/4  *C4  StAteHAL  <OV70C>.  C4L3ftv4r  455/va..>' 
Ti  |ci£»3f£>  cftTAiLyaar*  tmck'.  sis^n  3 

4 [444  iiml  'o 


secvoN  fl  a 


sicriON  A- A _ 

4*07Ch  flAf^OSS  Of  ao 
<<in)  W>*.>4S  4^©C> 


[ciTTNOfo  fl^o  corrm  4’t<;  . irffc 


^a44s^/^ 

Z \t*t»MiON  SlQTTtC  NUT  ?'•  4^  N(L  .Sfmi-ff^iiriD  fOfiOiC. 
Z-*4jrs- (Nt  (NOT  cxTAiteo) 


I 2 I 2i/C.  Atii-A^-iQlS  fcoto  o<t**vM 


fLSif*  \ 
01^4  S^£  ^(ba) 
4onr  ? 1 


0/7  70  TtdftT  fiT  be*OfLt  rtf.^vc 


iilO  4r5/-Mr  i07o (COM) 

4 »5<  • Mr-  lOfS  CCOlC  '044tv  IV ) 


secTiOM  c c 


ft*C4  a»  etiST 
pCf*TooN  coff^ecTiot* 
ANUIi 


70  Ty^r  fiT  oe*04e 


(X-y44vif  If  I 


et<sr  iooot 


N L t jw  evi‘N’‘ 
CxrCRNA^  S^oDW£^ 
fOR 

N.  PJNrOOM  £AJS£^/A’<5 


2-PLA7eS-(Pt 


cerAiL  E _>4C<.5  041>T»TiCff> 


J74-II.J75  f9 


W 2 
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I'or  the  present  and  near  time  frame,  the  military 
will  be  concerned  primarily  with  the  8 x 8 x 2()-foot 
(2.44  X 2.44  x6.10-m)  container  in  the  supply 
system.  The  20-foot  (6.10-m)  container  has  a maxi- 
mum gross  weight  of  44,800  pounds  (20,300  kg). 
However,  when  the  spreader  bar,  crane  block,  and 
other  lifting  hardware  are  included,  the  crane  is 
actually  required  to  make  a lift  of  about  50,000 
pounds  (22,700  kg). 

future  planning  calls  for  the  inclusion  of  the 
8 X 8 X 40-foot  (2.44  x 2.44  x 12.2-m)  container  into 
the  military  system.  The  40-foot  (12.2-m)  container 
has  a maximum  gross  weight  of  67,200  pounds 
(30,500  kg),  and,  when  the  additional  lift  hardware  is 
considered,  a total  crane  lift  approaching  75,000 
pounds  (34,000  kg)  is  required. 

A study  of  the  geometry  of  the  system  at  the 
pierhead  indicates  a crane  reach  of  at  least  40  feet 
(12.2  m)  is  required;  this  was  confirmed  at  the 
Coronado  tests.  Thus,  the  P&H  9125  crane’  is  the 
minimum  required  for  the  40-foot  (12.2-m)  con- 
tainer. 


LIMITING  TRANSIT  LOADS  FOR  CRANE 

The  elevated  causeway  provides  a roadway  from 
the  beach  to  the  pierhead  for  the  container-handling 
crane.  The  loads  seen  by  the  causeway  structure 
consist  of  local  wheel  loads  on  the  pontoon  deck  and 
the  total  crane  load  applied  to  the  basic  structural 
frame. 

Pontoon  Deek 

Wheel  loads  are  most  critical  when  applied 
directly  to  an  individual  pontoon.  This  problem  is 
minimized  since  only  one  wheel  or  one  dual  wheel  at 
a time  can  be  applied  to  a pontoon.  Also,  the  wheel 
spacing  of  most  vehicles  is  about  the  same  as  the 
pontoon  angles;  therefore,  the  wheels  can  roll  directly 
on  the  angles  where  the  deck  is  much  stronger. 


The  pontoon  deck  is  designed  to  AASllO  H20 
wheel  loads,  that  is,  4 tons  (3,630  kg)  to  the  front 
axle  (4,000  pounds  (1,800  kg)  per  single  wheel  | and 
16  tons  (14,500  kg)  to  the  rear  axle  (16,000  pounds 
(7,260  kg)  per  single  whccll.  The  individual  wheel 
load  is  the  critical  deck  loading.  An  analysis  of  the 
pontoon  structure  agrees  reasonably  well  with  the 
1120  design  criteria. 

Since  the  wheel  loads  from  large  cranes  fre- 
quently exceed  16,000  pounds  (7,260  kg)  per  dual 
wheel,  the  pontoon  deck  requires  structural  reinforce- 
ment to  accommodate  these  loads,  f or  the  elevated 
causeway  tests,  timber  decking**was  overlaid  on  the 
pontoons.  Calculations  indicate  that  the  4 x 12-inch 
(0.1  X 0.3-m)  timber  reinforcement  increases  the  load 
capacity  to  about  21,000  pounds  (9,530  kg)  for  a 
dual  wheel  and  19,000  pounds  (8,620  kg)  for  a single 
wheel.  To  transfer  cranes  with  higher  wheel  loadings, 
stronger  reinforcement  must  be  used,  or  the  crane 
must  drive  on  the  causeway  angles. 

Consider  the  P&H  9125,  whose  wheel  load 
distribution  is  shown  in  Figure  C-1.  With  the  boom 
laid  forward,  the  rear  axle  loads  reduce  to  41,600 
pounds  (18,900  kg)  per  dual  wheel  for  the  crane 
under  full  operating  load,  and  to  20,300  pounds 
(9,200  kg)  for  the  crane  with  counterweights 
removed.  Since  the  limiting  value  for  the  dual  wheel 
is  21,000  pounds  (9,530  kg)  when  the  causeway  is 
reinforced  with  4 x 12-inch  (0.1  x 0.3-m)  timbers,  the 
counterweights  must  be  removed  when  the  crane 
travels  the  causeway.  With  the  boom  trailing,  as  noted 
in  the  lower  portion  of  Figure  C-1,  the  21 ,000-pound 
(9,530-kg)  load  limit  will  be  exceeded  with  or  with- 
out counterweights. 

Structural  Frame 

The  application  of  loads  to  the  elevated  causeway 
structural  frame  composed  the  bulk  of  the  structural 
investigation.  The  determination  of  maximum  crane 
loads  that  can  be  supported  by  the  elevated  causeway 
was  of  primary  interest.  The  application  of  various 


•The  P&M  9125  crane  is  marginal.  With  a 70-foot  <21-m)  boom,  its  capacity  is  74,000  pounds  ( 33.600  kg)  at 
40  feet  (12.2  m),  or  75,000  pounds  (34,000  kg)  at  39.5  feet  (12  m). 

“Described  in  Volume  V. 
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crane  loads  to  a 3x15  pontoon  causeway  with  6-inch 
(15-cni)  structural  anglc-s  supported  by  four  piles 
indicates  a load  capacity  up  to  130,000  pounds 
(59,000  kg).  This  load  combination  applies  a stress 
level  of  22,000  psi  (151,000  kPa)  to  the  structural 
angles  when  the  crane  is  positioned  in  the  most  severe 
location.  The  failure  analysis  indicates  a safety  factor 
of  about  2.6  for  this  load  condition.  By  adding  two 
piles  at  midspan,  the  capacity  of  the  3x15  causeway 
with  6-inch  (15-cm)  angles  can  be  increased  to 
200,000  pounds  (90,700  kg)  with  equivalent  safety 
factors.  There  is  little  structural  advantage  to  using 
more  than  six  support  piles. 

Of  significant  importance  to  the  COTS  program  is 
the  fact  that  the  P&H  9125  truck  crane  with  a 
140-ton  (127,000  kg)  rating  can  be  reduced  to  a 
traveling  weight  of  about  128,000  pounds  (58,100 
kg)  by  removing  62,000  pounds  (28,100  kg)  of 
counterweights.  Therefore,  a P&H  9125  without 
counterweights  can  be  transported  over  a four-pile- 
supported  3x15  causeway  with  standard  6-inch 
(15-cm)  angles. 

The  pontoon  causeway  system  has  an  optional 
8-inch  (20-cm)  structural  angle  assembly  to  increase 
its  load-carrying  capacity.  The  structural  analysis 
indicates  that  a 3x15  causeway  with  8-inch  (20-cm) 
angles  and  supported  on  four  piles  can  handle  crane- 
type  loads  up  to  235,000  pounds  (106,600  kg)  with- 
out exceeding  22,000  psi  (151,000  kPa)  stress 
Adding  two  more  pile  supports  at  midspan  increases 
the  load  capacity  to  340,000  pounds  (154,200  kg). 
These  loads  have  safety  factors  to  failure  in  the  2.5 
range. 


The  P&ll  6250  truck  t me,  which  has  an  operating 
weight  of  about  353,000  pounds  (160,100  kg),  can 
transit  the  3x15  causewa\  only  by  removing  three 
counterweights  that  weigh  a total  of  90,000  pounds 
(40,800  kg).  But  even  at  a traveling  weight  of 
263,000  pounds  (1  19,300  kg),  the  crane  must 
traverse  a six-pile-supported  causeway  with  8-inch 
(20-cm)  angles. 

The  structural  frame  data  for  various  cranes  arc 
summarized  in  l•igurc  C-2.  Note  that  the  traveling 
weights  for  minimum-sized  cranes  that  can  handle 
40-foot  (12.2-m)  containers  approach  the  limit  of  the 
3x15  causeway  with  6-inch  (15-cm)  angles  on  a 
four-pile  support. 

PIERHEAD 

The  pierhead  sections  where  the  crane  operates 
require  struetural  reinforcement.  The  extent  of  this 
reinforcement  will  depend  largely  on  the  type  and 
size  of  crane  used.  Because  of  the  number  of  cranes 
and  numerous  operating  variables  involved,  it  is 
impossible  to  generalize  without  an  in-depth 
investigation. 

The  Army  is  planning*  to  proceed  with  the  pro- 
curement of  34-ton  (30,800-kg)  tri-axle  semi-trailers 
capable  of  hauling  containers  up  to  40  feet  (12.2  m) 
in  length.  The  present  turntable  design  will  require 
only  minor  modifications  (mainly,  lengthening)  to 
accommodate  the  longer  trailer;  weightwise  the  new 
trailers  will  be  within  the  present  lift  capacity  of  the 
turntable. 


Container  System  Hardware  Status  Report.  Projeet  .Manager,  Army  Container-Oriented  Distribution 
System,  July  1976. 


truck  crane. 


3x15  c;aus<;way  Capacity  for  Transiting  Cranes  (kips) 


Figure  C-2.  Load  capacity  of  different  causeway  configurations. 
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This  appendix  compares  the  elevated  causeway 
system  developed  by  CEL,  designated  “present 
system,”  with  alternative  elevated  systems.  The 
objective  of  this  analysis  was  to  compare  the  impact 
and  cost  of  alternative  elevated  causeway  systems  to 
the  total  assault  causeway  system  utilized  and  main- 
tained by  Amphibious  Construction  Battalion  Units. 
Current  policy  dictates  that  each  PIlIBCB  unit 
maintain  enough  assault  causeways  to  operate  two 
beaches.  This  breaks  down  to  a 12-section  floating 
causeway  and  a four  section  causeway  ferry  for  each 
beach  — a total  of  32  operational  causeway  sections. 

Six  alternative  elevated  causeway  systems  are  pre- 
sented in  Table  D-1;  arguments  for  and  against  each 
system  are  given.  The  present  system  is  broken  down 
to  its  component  level,  and  the  functional  role  of 
these  components  is  presented  in  Table  D-2.  hinally, 
alternatives  to  each  component  in  the  present  system 
are  presented  in  Table  D-3.  The  probable  impact  of 
the  various  component  alternatives  on  the  present 
system  is  given  in  the  table. 

From  the  information  given  in  Tables  D-1 
through  D-3,  CEL  judges  the  “present  system”  to  be 
the  best  technical  and  logistical  solution.  This 
elevated  causeway  system  consists  of  seven  approach 
sections*  and  four  pierhead  sections.  An  approach 
section  differs  from  a standard  assault  causeway  by 
the  use  of  8-inch  (20.4-cm)  causeway  angles,  timber 
decking,  and  attachment  points  for  four  external 


spudwells.  The  pierhead  section  extras  include  8-inch 
(20.4-cm)  angles,  six  internal  spudwells,  pontoon 
angle  reinforcements  for  crane  operations,  three 
attachment  points  for  external  spudwells  for  fender 
system,  timber  decking,  and  side  connectors. 
Approach  sections  without  spudwells  can  function  as 
assault  sections.  Pierhead  sections  could  be  used  as 
assault  causeways,  but  they  are  about  15  percent  less 
buoyant  and  have  six  internal  spudwells  that  could 
hinder  operations.  The  “present  system”  advocates 
the  use  of  approach  sections  as  assault  causeways,  but 
pierhead  sections  should  be  maintained  separate  from 
the  assault  system. 

The  basic  ground  rule  of  the  cost  analysis  for  the 
alternative  systems  was  to  maintain  a 32-section 
assault  system  and  an  11 -section  elevated  system 
(seven  approach,  four  pierhead  sections).  Table  D-4 
presents  the  component  costs  and  system  costs  of 
each  alternative  system.  The  possibility  of  casualties 
in  an  operation  always  exists;  therefore,  the  cost  of 
providing  backup  units  is  provided  in  Table  D-5.  The 
estimated  cost  data  used  to  compute  system  costs  are 
presented  in  Table  D-6. 

Of  the  four  possible  elevated  systems,  the 
integrated  system  is  the  least  costly,  while  the 
separate  assault/elcvated  system  is  the  most  costly. 
The  cost  of  an  all  external  spudwell  system  is  about 
$170,000  less  than  an  all  internal  system;  however,  an 
all  external  system  has  not  been  fully  developed  and 
would  require  additional  development  costs  and  time. 
Notably,  the  internal  spudwell  system  and  the 
external  spudwell  system  assume  that  M assault 
causeways  are  converted  to  a dual  assault/clevated 
role.  Therefore,  Table  D-5  shows  the  option  of 
converting  only  14  sections  to  an  elevated  role. 


•The  number  of  approach  sections  could  be  more  or  less  depending  on  the  beach  gradient  and  tidal  range; 
c.g.,  a beach  gradient  of  1:50  tvith  a 6-foot  (1.83-m)  tide  requires  8 approach  sections. 
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Table  D-1.  System  Alternatives 


blevated  Causeway  System 


Considerations 


A.  Develop  a separate  elevated 
causeway  system  using  the 
basic  Nl,  pontoon  system. 


B.  Develop  a new  pontoon 
system  to  include  elevated 
causeway  mission. 


C.  “Present  Approach”  — 
Develop  a system  that  max- 
imizes present  NL  pontoon 
system,  but  augmented  by 
special  developments. 

D.  Modify  all  assault  cause- 
way sections  to  include 
elevated  causeway  devel- 
opmental features  with 
internal  spudwells. 


t.  Modify  all  assault  cause- 
way sections  to  include 
elevated  causeway 
developmental  features 
with  external  spudwells. 

K.  Modify  required  number 
of  assault  causeway 
sections  at  the  AOA 
to  provide  elevating 
capability. 


Technically  ideal.  Developmental  costs  for  prototypes  comparable  to 
present  approach.  Would  enlarge  operating  forces  inventory  with  intro- 
duction of  several  single-purpose  pontoon  constructions.  Good  solution, 
but  goes  beyond  present  requirements. 

Costly,  but  probably  best  solution  technically  and  logistically  in  the  long 
run.  R8eD  costs  arc  estimated  at  $14  million  for  a start  date  of  FY-78. 
Escalation  costs  are  included  in  the  estimate.  The  new  system  could  not 
produce  an  interim  solution  in  the  immediate  future  (next  5 to  7 years). 
Good  solution,  but  goes  beyond  present  requirements. 

Judged  to  be  the  best  solution  technically  and  logistically  within  the 
developmental  constraints  and  criteria.  Special  purpose  pontoon  con- 
struction reduced  to  about  35%  of  that  required  in  System  A.  Basically 
the  additions  are  special  NL  pontoon  sections  for  the  pierhead. 


Considered  initially  as  a candidate  system.  Technically  feasible;  provisions 
would  have  to  be  incorporated  to  provide  fendering  interface  between 
lighter  and  causeway.  More  costly  to  provide  all  sections  with  elevating 
capability  and  necessary  reinforcements  built-in;  loss  of  buoyancy  due  to 
spudwells  would  be  8 to  1 3%  (4  or  6 spudwells).  Added  cost  plus  buoyancy 
loss  judged  to  be  a severe  penalty  for  a secondary  capability  for  the  cause- 
ways, vis-a-vis  its  primary  assault  mission. 

Technically  unsound  at  pierhead  where  sections  are  required  to  be  secured 
in  side-by-side  position  for  lateral  stability.  Substitute  “make-do”  solutions 
would  be  inferior,  more  complex,  and  difficult  to  execute,  and  finished 
construction  would  probably  not  meet  design  criteria.  Considerable 
amount  of  field  welding  would  be  required.  System  not  recommended. 

Logistically  unattractive  and  probably  unacceptable  because  of  time 
and  resources  limitations. 


Tabic  D-2.  “Present  Approach”  System 


Component 


Function 


Internal  spudwells 


Fixternal  spudwells 


Side  connectors 


End  connectors 
Fender  system 


Crane  reinforcement  at 
pierhead 


Crane  reinforcement 
for  approach  sections 


Pile-to-causeway 

connection 

Turntable  section 

Mooring  components 


launching  angles 
(modified) 

Beach  transition  ramp 
Construction  equipment 


Used  for  support  piling.  Replaces  PI  pontoon  in  causeway  on  one-for-one  basis. 
Used  in  pierhead  where  sections  are  side  by  side.  Six  spudwells  arc  required 
for  each  pierhead  section.  The  spudwells  arc  installed  during  the  initial  con- 
struction of  the  pierhead  section. 

Used  for  pile  support  of  the  approach  causeway  from  the  beach  to  the  pierhead. 

A minimum  of  four  spudwells  is  required  for  each  section.  The  spudwells  may 
be  installed  on  assault  causeways  when  needed;  assault  causeway  will  require 
modification  to  accept  the  spudwells.  Also  used  on  the  pierhead  to  support  the 
fender  system.  Allows  two-way  traffic  without  cutting  off  piles  extending 
above  deck. 

Used  in  the  pierhead  construction  (positioning  alignment  and  pierhead  expansion) 
and  for  structural  integrity  to  assure  the  pierhead  acts  as  a unit  in  resisting  lateral 
forces.  The  side  connectors  are  incorporated  in  the  pierhead  sections. 

Used  to  connect  sections  end  to  end.  Same  function  as  in  floating  mode. 

Provides  an  interface  betw'een  elevated  causeway  and  lighterage.  Consists  of  a 
single  string  of  pontoons  faced  with  commercial  cushions  to  absorb  lighterage 
impact  loads. 

Used  to  strengthen  the  pierhead  for  supporting  the  heavy  vertical  loads 
associated  with  the  crane  container-handling  operation.  Also  used  to  more 
favorably  distribute  the  loads. 

Used  to  favorably  distribute  the  crane  load  on  its  transition  across  the  approach 
causeway  to  the  pierhead.  The  reinforcement  normally  consists  of  timber 
decking. 

Used  for  structural  integrity  to  permanently  connect  the  section  to  the  support 
piles.  Used  to  develop  both  vertical  and  lateral  resistance  to  loads. 

Section  seaward  of  the  main  pierhead  used  to  turn  the  trucks  around. 

Used  for  mooring  lighters  alongside  and  to  the  fender  system  and/or  the  elevated 
causeway. 

Used  to  make  the  sections  side-loadable  on  Class  1 179  LST. 


Used  to  bridge  the  gap  between  the  beach  and  the  end  of  the  causeway. 

Used  for  installation  and  erection  of  the  elevated  pier.  Major  components 
include  a 35-ton  construction  crane,  a 5-ton  auxiliary  hoist,  piles  and  driver, 
and  the  lift  (jacking)  system. 


Table  D-3.  System  Component  Alternatives 


Component 
Internal  spudwell 


External  spudwell 


Side  connector 


Alternative  Courses  of  Action 


Impact  on  System 


1.  Assemble  into  pierhead  sections. 


2.  Assemble  into  a select 
number  of  assault  causeways 
during  initial  construction. 

3.  Assemble  into  assault  sections 
at  AOA. 

4.  Assemble  into  all  assault  cause- 
ways during  initial  construction. 
Use  all  internal  spudwells. 

5.  Eliminate;  use  all  external 
spudwells. 


Preferred;  best  technical  solution.  Eixtra 
sections  to  ship,  over  and  above  assault 
causeways. 

To  approach  the  preferred  solution,  should 
also  consider  adding  crane  reinforcement, 
side  connectors,  and  fender  system  attach- 
ment. Buoyancy  loss  about  1 3%. 

Time  required  to  put  system  into  operation 
too  great.  Assembly  required  ashore. 

Requires  alternate  solution  for  supporting 
fender  system.  More  costly  to  provide  all 
sections  with  elevating  capability;  also 
buoyancy  loss  due  to  spudwells. 

See  External  Spudwell,  Alternative  2. 


1.  Attach  to  assault  sections  as 
needed  (for  approach  sections 
to  pierhead). 

2.  Use  all  external,  including 
pierhead. 

(a)  Pierhead  one  section  wide 


(b)  Pierhead  with  external 
spudwells  staggered  to 
bring  sections  closer  to- 
gether in  side-by-side 
position. 

3.  Eliminate,  use  all  internal. 


Preferred.  Requires  assault  causeways  to  be 
modified  to  accept  the  spudwell.  Modify 
all  or  a select  number  earmarked  for  elevated 
causeway  function. 

As  above,  alternative  1 modifications  required 
to  accept  spudwells. 

(a)  Degrades  system,  less  safe;  less  stable, 
more  vulnerable  to  impact  loads; 
necessary  to  relocate  turntable,  revise 
crane  outrigger  supports,  and  modify 
fender  system.  Does  not  meet  develop- 
ment criteria. 

(b)  Incompatible  with  side  connectors; 
would  make  pier  construction  more 
difficult  and  hazardous;  requires  bridging 
sections  for  gap  between  sections;  des- 
troys structural  integrity  for  lateral 
stability. 

See  Internal  Spudwell,  Alternative  4. 


1.  Assemble  into  pierhead  sections.  Preferred,  best  technical  solution. 

2.  Assemble  into  a select  number  See  impact  statement  for  Internal  Spudwell, 

of  assault  causeways  during  Alternative  2. 

initial  construction. 


continued 
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Table  D-3.  Continued 


Component 


Side  connector 
(cont’d) 


Fender  system 


Crane  reinforce- 
ment of  pierhead 


Crane  reinforce- 
ment for  approach 
sections 


Alternative  Courses  of  Action 

3.  Install  in  assault  sections  at  AOA. 

4.  Eliminate. 


1.  Install  external  spud  well  for 
fender  system  into  pierhead 
sections  at  AOA. 

2.  Install  external  spudwells  for 
fender  system  at  time  of  initial 
assembly  of  pierhead  sections. 

3.  Eliminate. 


1.  Install  in  pierhead  sections. 

2.  Install  in  select  number  of 
assault  causeways  (earmarked 
for  pierhead)  during  initial 
construction. 

3.  Install  in  assault  sections  at  AOA. 

4.  Install  in  all  assault  sections. 

5.  Design  special  crane  cribbing  to 
be  installed  after  elevating. 

6.  Eliminate. 

1.  Install  timber  decking  on  assault 
sections. 

(a)  Prior  to  shipment  to  AOA. 

(b)  At  AOA. 

2.  Design  and  fabricate  a stronger 
deck. 


Impact  on  System 

Too  time  consuming.  Requires  installation 
on  shore. 

Not  feasible-,  destroys  structural  integrity; 
makes  pierhead  construction  more  difficult 
and  hazardous. 

Preferred.  Pierhead  sections  must  be  con- 
figured to  accept  the  external  spudwells. 

Requires  transport  by  means  other  than 
side-carry. 

Requires  new  fendering  concept  that  is  apt 
to  be  more  complex  and  difficult  to  install; 
e.g.,  mooring  dolphin.  Requires  providing 
other  vertical  support  for  crane  lost  by 
eliminating  the  fender  system  external 
spudwells. 


Sec  impact  statement  for  Internal  Spudwell, 
Alternative  2. 

Too  time  consuming;  requires  installation  on 
shore. 

Costly;  unwarranted  addition  to  all  causeways. 

Adds  additional  effort  and  time  at  AOA  to 
make  system  operational. 

Technically  unacceptable. 

Either  Alternative  (a)  or  (b)  is  workable;  a 
logistics  decision. 


Costly  approach  to  provide  elevated  causeway 
capability;  stronger  deck  not  required  for 
most  applications.  Not  a solution  for  existing 
pontoons. 


Preferred ; best  technical  solution. 


continued 
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Tabic  D-J.  Continued 


Component 


Pilc-to-Causeway 

connection 


Turntable  section 


Mooring 

components 


Launching  angles 


Beach  transition 


Construction 

equipment 


Alternative  Courses  of  Action 


1.  Mechanical  connection. 

2.  Plate  weldments  executed  in  the 
field  (present  system). 


1.  Install  turntable  on  assault 
causeway  at  AOA. 

2.  Install  on  separate  section  prior 
to  shipping  to  AOA. 

3.  Eliminate  turntable. 


1.  Install  bitts. 


(a)  At  AOA. 

(b)  Prior  to  shipping. 

1.  Install  modified  units  to  fit  on 
sections. 

2.  Assault  causeways  are  retrofitted 
to  function  as  elevated  sections 
at  AOA. 


3.  Eliminate. 


1.  Present  ramp. 


2.  Use  standard  beach  section. 


1.  Present  setup. 


Impact  on  System 


Preferred  solution  still  in  exploratory  stage. 

Structurally  satisfactory  -,  requires  more 
welding  than  operating  force  may  be  able  to 
furnish. 

Preferred  solution.  Use  external  spudwells 
on  turntable  section. 

Requires  a separate,  special  section;  trans- 
ported by  other  than  side-carry. 

Degrades  system  to  below  acceptable,  or 
requires  significant  expansion  of  pierhead. 

Either  Alternative  (a)  or  (b)  is  workable; 
a logistic  decision. 


Arguments  pro  and  con  are  the  same  as  for 
other  devices  installed  on  sections. 

Launching  angles  to  be  removed  or  modified 
to  accommodate  other  hardware  to  convert 
section  into  elevating  capability.  All  other 
pros  and  cons  of  using  assault  causeways 
apply. 

Sections  must  be  shipped  by  means  other 
than  side-carry. 

Preferred  workable  solution.  Installed  at 
AOA. 

Will  require  sand  ramp  to  effect  transition. 

Workable  solution.  No  known  workable 
alternative.  Minor  variations  are  possible, 
depending  on  logistics. 


Table  D-4.  Component  Costs  of  Alternative  Elevated  Causeway  Systems 


Table  D-5.  System  Composition  Options  and  Costs 


System 

Section 

Additions" 

Section 

Deletions" 

Cost 

($1,000) 

Integrated* 

2 Approach 

1 Pierhead 

2 Intermediate 

3,412 

All  Internal  Spudwells*^ 

12  Intermediate 

12  Intermediate 

modified  with 
internal  spudwells 

3,192 

All  External  Spudwells*^ 

14  Intermediate 

14  Intermediate 

modified  for 
external  spudwells 

3,119 

Separate  Assault/ Elevated* 

2 Approach 

1 Pierhead 

- 

4,015 

"To  the  systems  of  Table  D-1 . 

* Additional  elevated  capability  provided  for  contingencies. 
“^Only  14  sections  modified  for  elevated  capability. 


Table  D-6.  Unit  Costs  and  Weights  for  Blevated  Causeway  Components 


Component 


External  spudwell  (ea) 

Internal  spudwell  (ea) 

Side  connector  (per  section) 
Reinforcement  for  crane  (per  section) 
Deck  reinforcement,  timber  (per  section) 
Reinforcement  for  external  spudwell  (ea) 
8-inch  pontoon  angle  (per  section) 

1x15  string  with  8-inch  angle  and  fender 


"Additional  cost  and  weight  over  standard  6-inch  pontoon 
angle  in  section. 
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FMFLANTCFC  Offr.  Norfolk  VA 
FMFPAC  C’Ci  Pearl  Harbor 

LANTNAVFAC’FNGC’OMC’ONTRACTS  Roicc.  Keflavik 
MARINE  CORPS  AIR  STA  Facil.  Fngr.  Div.  C herry  Point  NC 

MARINE  CORPS  BASF;  First  Service  Support  Group  C’amp  Pendleton  C’A;  PWO.  Camp  S.  D.  Butler.  Kawasaki  Japan 

MARINE  CORPS  DIST  9.  Code  04.1.  Overland  Park  KS 

MCAS  Code  PWF.  Kaneohe  Bay  HI;  PWO  Kaneohe  Bay  HI 

MC’IX’  NSAP  RFP.  Quanlico  VA 

MC’DFC  PAS  Div  Quanlico  VA 

MILITARY  SEALIFT  COM  M AND  Washington  fX’ 

NAS  C’ode  18700.  Brunswick  MF;  FNS  Buchholz.  Pensacola.  FL;  PWO.  Glenview  IL;  PWO.  Miramar.  San  Diego  C.A; 
.SCF  Norfolk.  VA 

NATL  RESEARCH  COUNCIL  Naval  Studies  Board.  Washington  IX’ 

NAVAEROSPRFGMFDC’EN  SCF,  Pensacola  Ft. 

NAVAIRPAC  CF.  NL  San  Diego  C’A 

NAVAL  FACILITY  PWO  Barbados;  PWO,  Centerville  Bch.  Ferndale  C’A 
NAVC’HAPGRU  CO  Williamsburg  VA 

NAVC’OASTSYSl.AB  CO.  Panama  City  F’L;  C’ode  710.5  (J.  Quirk)  Panama  City.  FL;  C’lxle  772  (C’  B Koesy)  Panama 
City  FL;  Library  Panama  C ity.  FT. 

NAVC’OMMARFAMSTR.STA  SCF  Unit  I Naples  Italy 
NAVCOMMSTA  Code  401  Nea  Makri.  Greece 
NAVFODF’AC  Code  605,  Indian  Head  MD 

NAVF’AC’FNGC’OM  CDR  1.  K Donovan.  Alexandria  VA;  Code  04.1  Alexandria.  VA;  Code  044  Alexandria.  VA;  C’ode 
0451  Alexandria.  VA;  C’ode  0451  (D.  Poller)  Alexandria.  VA;  Code  0451C’.  Alexandria.  VA;  Code  0454B  Alexandria, 
Va;  Code  ()4B1  Alexandria.  VA;  Code  0485  Alexandria.  VA;  Code  06.  Alexandria  VA;  C’ode  101  Alexandria.  VA; 
C’ode  1021  (T.  Stevens);  C’ode  104  Alexandria.  VA;  C’ode  2014  (Mr.  Taam).  Pearl  Harbor  HI;  PC-22  (E.  Spencer) 
Alexandria.  VA;  PL-2  Ponce  P.R.  Alexandria.  VA 
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NAVFAC'KNGCOM  C'HES  DIV.  C\Hie  405  Wa^h.  DC;  Code  PRO- 1 (C.  Bodey)Wash,  IX  ; Code  FPO-1  (Ollsen) 
Wash.  DC;  Code  FRO- 1 SP  ( Dr.  Lewis)  Wash.  W;  Code  FPO-ISP1.5  (T  F Sullivan)  Wash.  IX';  Code  FPO-IRI’ 
(Mr.  Seola).  Washinglon  DC 

NAVF.ACFNGCOM  - l.ANT  DIV.  KDT&Fl.O  OOP:.  Norfolk  VA 

N.AVF.ACFNGCOM  ■ NORTH  DIV.  Code  OOP  (I.CDR  A.J.  Stewart);  Code  1028.  RDT&Fl.O.  Philadelphia  PA; 
ROICC.  Contracts.  Crane  IN 

NAVFACKNCiCOM  ■ PAC  DIV.  Code  402.  RDT&F.  Pearl  Harbrrr  HI;  Commander.  Pearl  Harbor.  HI 

NAVFACFNGCOM  ■ WFST  DIV.  Code04B;  Code  2011;  O9P/20 

N.AVFORC.ARIB  Commander  (N42).  Puerto  Rico 

NAVHOSP  l.I  R.  FIsbernd.  Puerto  Rico 

NAVfX'FANO  Code  1600  Wash.  IX' 

NAVtX'FANSYSCFN  C ode  .5400  San  Diego  CA;  C ode  409  (D.  G.  Moore).  San  Diego  CA;  C ode  52  (H.  Talkington) 
.San  Diego  CA;  C ode  6565  (Tech.  Lib.).  San  Diego  CA;  Code  751 1 (PWO)  San  Diego.  C'A;  C ode  8644B  (R.  Jones) 
San  Diego  C'.A 

N.AVPCiSC'OL  Code  2124  (l.ibrary).  Monterey  C'A:  D.  Leipper.  Monterey  C'A;  F.  Thornton.  Monterey  C'A;  LCDR 
K.C'.  Kelley  Monterey  C'A 

NAVPHIBASF  C O AC'B  ONE  .San  Diego  C'A:  CO.  ACB  2 Norfolk.  VA;  C'OMNAVBFAC'HGRU  TWO  Norfolk  VA; 

Code  S.J'r.  Norfolk  V.A;  Dir.  Amphib.  Warfare  Brd  Staff.  Norfolk.  VA;  OIC.  UCT  ONE  Norfolk.  Va 
NAVSFASYSC'OM  Code  0.525.  Program  Mgr.  Washington.  IX';  Ctrde  SEA  OC5C'  Washington.  DC' 

NAVSF.C'  Code  6054  (Library).  Washington  IX' 

NAVSHIPYD  Code  202.5  (Library)  Puget  Sound.  Bremerton  WA;  Code  440.4.  C'harleston  SC;  PWD  (L  I N.B.  Hall). 
Long  Beach  C'A 

NAVST.A  PWD  (L'FJG  P.M  . Motodlenich).  Puerto  Rico;  PWO.  Mayport  FT. 

NAVSURFLANT  Norfolk  VA 
NAVSUREPAC'  Maj  Strasser.  San  Diego  CA 
NAVSUREWPNCEN  PWO.  While  Oak.  Silver  Spring.  MD 
NAVTECHTRACEN  SCE.  Pensacola  FL 
NAVWPNSTA  PW  Office  (Code  09C'I ) Yorklown.  VA 
NAVWPNSL'PPC'EN  Code  09  ( Boennighausen)  Crane  IN 
N.AVC'OASTSYSLAB  C ode  772  (C.B.  Koesy)  Panama  City.  FL 
NAVEDTRAPRODEVCEN  Tech.  Library 

NC'BC'  C'FX  (C'APr  N.  W.  Petersen).  Port  Hueneme.  CA;  CEL  AOIC'  Port  Hueneme  C'A;  Code  10  Davisville.  Rl: 

Code  155.  Port  Hueneme  C'A 

NC  R 20  C ode  R.51 ; 20.  Commander;  FW'D  -50ih  CDR  Diego  Garcia  Island 
NMC'B  5.  Operations  Dept.;  74.  CO;  One.  LT  F.P.  Digeorge 
NROrC'U  Univ  Colorado  (L’P  D R Burns).  Boulder  CO 

NTC'C'ode  54  (ENS  P.  G.  Jackel).  Orlando  FL;  OICC.  C'BU-40L  Great  Lakes  11. 

NUSC'C'ode  151  New  London.  CT 
CX'EANAV  Mangmt  Info  Div..  Arlington  VA 

OFFICE  SECRETARY  OF  DEFENSE  ASD  (l&l.)  Code  CSS/CC  Washington.  DC 
ONR  CDR  Harlell.  Boston  M.A:  BROFF.  C'O  Boston  MA:  Dr.  A.  l.aufer.  Pasadena  C'A 
PM'LC'  Pal.  C ounsel.  Point  Miigu  C'A 

PWC' C'O.  Cireal  Lakes  IL;  Code  II6(LTJG.  .A.  FA-kharl)  Great  Lakes.  11.;  Code  120C' (Library)  San  Diego.  C'.A;  Code 
220.1.  Norfolk  VA;  C ode  5(X'  (Boettcher)  San  Diego.  C'.A;  OIC  CBU-4()5.  San  Diego  C'.A 
US  NAVAL  FORCES  Korea  (ENJ-P&O) 

U.SC'G  R&D  C'EN  FER  D.  Molherway.  Groton  C'T:  Tech.  Dir.  Groton.  CT 
USNA  Sys  Fingr  Dept  (Dr.  Monney).  Annapolis  MD 

C ALIF.  ijEPL  OF  N AVICi.A  ITON  & (X'EAN  DEV.  Sacramento.  C'.A  (CJ.  Armstrong) 

CALIF.  MARITIME  ACADEMY  Vallejo.  C'A  (Library) 

C'AI.IFORNI  A INSTI  l UTi;  OF  TECHNOLOGY  P;is.idena  C'.A  (Keck  Ref.  Rm) 

DUKE  UNIV  MEDIC' Al.  C'ENTFiR  B.  Muga.  Durham  NC 

FLORIDA  ATLANTIC'  UNIV  ERSITY  BOC  A RATON.  El.  (MC  Al.l.lSTERi:  Boca  Raton  FT.  (Ocean  Engr  Dept..  C . 
Lint 

IOW  A ST  ATE  UNIVERSll  Y .Ames|A(C'F  IX'pl.  Handy) 

LEHIGH  UNIVERSITY  BETH  LI. HEM.  PA  (MARINE  GEOTECHNICAL  L AH  . RIC  HARDS);  Bethlehem  PA 
(l.inderman  Lib.  No. 50.  I'lecksieiner) 

LIBRARY  OF  CONGRESS  W ASHINCi  I ON.  IX' (SCIENCl  S A I ECU  DIV) 

M.AS.SACHUSETTS  INST.  OF  TEC'HNOLCXJY  C'.imbridge  M A I Rm  lO-MK).  lech  Reports.  I.ngi  Lib  i.  Cambridge 
MA(Rm  14  E2I0.  Tech.  Report  Lib.) 

MIC  HIGAN  TECHNOLOGIC  AL  UNIVER.SI'rV'  Houghton.  Ml  (Haas) 

NATL  AC  ADEMY  OF  ENG.  ALEXANDRIA.  VA  (SEARl.E.  JR.) 
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PUKlHIK  UNIVERSITY  l.iifaycne,  IN  (AllschaelTI) 

n XAS  A&M  UNIVERSI  l Y COl.l.ECiK  STATION,  TX  (C'K  DEPl  ),  C ollese  TX  (C  K IX-pl.  Herhich) 

U S.  MERC  HANT  MARINE  AC  ADEMY  KINGS  POINT,  NY  (REPRINT  C USTODIAN) 

UNIVERSITY OE  C'.AEIEORNIA  BERKELEY,  C A (OEE.  BUS.  AND  EINANC'E.  SAUNDERS) 

UNIVIIRSTEY  OE  Dill  ..AWARE  Newark.  DE  (Dept  of  Civil  Engineering,  C'hesson) 

UNIVERSE!  Y OE  H AW  AII  HONOl.ULU.  HI  (SCIENCE  AND  TEC  H.  DIV.) 

UNIVERSI  EY  OE  ILLINOIS  Mel/  Ref  Rm.  Urbana  IL:  URBANA,  11,  (NEWARK) 

U.MVERSEEV  OE  .MICHIG.AN  Ann  Arbor  Ml  (Rieharl) 

UNIVERSITY  OE  NEBRASKA-LINCOLN  l.ineoln.  NE  (Ross  lee  Shelf  Pioj.) 

UNIVERSITY  OE  W ASHINGTON  SEAEI  LE.  WA  (OCEAN  ENG  RSCH  LAB.  GRAY);  Seallle  WA  (E.  Linger) 
URS  RESEARCH  CO.  LIBRARY  SAN  MAEEC).  CA 
.ATLANTIC  RIC  HETEI.D  CO.  DALLAS,  TX  (SMITH) 

AUSTRALIA  Depl.  PW  lA.  Hicks).  Melbourne 
BECHTEL  CORP.  SAN  FRANC  SCO.  CA  (PHELPS) 

BEl.GIUM  NAECON.  N.V..  GE 

C.ANADA  Mem  Univ  New  foundland  (Chari).  St  Johns;  Surveyor.  Nenninger  & Chenevert  Inc..  Montreal 
CE  BRAUN  CO  Du  Bouchet.  Murray  Hill.  NJ 
Dll, INGHAM  PRECA.ST  E.  McHale,  Honolulu  HI 
DR.AVOCORP  Piilsburgh  PA  (Giannino) 

FRANCE  Dr  Dulertre.  Boulogne 
JAMFIS  CO.  R.  Girdley.  Orlando  FT, 

MARA  I HON  OIL  CO  Houston  EX  (C.  -Seay) 

MCCLELLAND  ENGINEERS  INC  Houston  TX  (B.  McClelland) 

MEDALL  & ASSOC.  INC.  J.T.  GAEEEY  II  SA  S EA  ANA.  CA 
NORW.AA  J.  Creed.  .Ski;  Norw egian  Tech  Univ  (Brandt/aeg).  Trondheim 
PACIFIC  MARINE  TECHNOl.OGY  LONG  BEACH.  CA  (WAGNER) 

PORTLAND  CEMENT  ASSOC.  SKOKIE.  IL  (CORELY);  Skokie  11.  (Rsch  & Dev  Lab.  Lib.) 

RAYMOND  INTERNATIONAL  INC.  CHERRY  HILL.  NJ  (SOILTEC  H DEP^I ) 

SE.AEECH  CORP.  MIAMI.  EL  (PERONI) 

SHELL  OIL  CO.  Houston  EX  (R.  de  Castongrene) 

SWEDEN  CieoTech  Inst;  VBB  (Library).  Stockholm 

UNITED  KINCiDOM  CemenI  & Concrete  Assn.  (R  Rowe)  Wesham  Springs.  Slough  Buck;  Cement  & Concrete 
Assoc.  (Lit.  E\).  Bucks;  D.  New,  G.  Maunsell  & Partners.  London;  Taylor.  Woodrow  Constr  (OI-IP).  Southall. 
Middlesex 

W ESTINGHOUSE  ELEC  I RIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib.  Bryan) 

WOODWARD-CLYDE  CONSULTANTS  PI.YMOUEH  MEETING  PA  (C  ROSS.  Ill) 

BULLOCK  La  Canada 
E.  BESIER  Old  .Saybrook  CT 


